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Apparent  Coincidences  in  the  Life-history  of  the 
Moine  Schists 

By  F.  C.  Phillips  ^ 

Abstract 

A  review  of  the  progress  of  knowledge  concerning  the  Moine 
Schists  shows  that,  whereas  about  twenty  years  ago  many  geologists 
supported  Home’s  contention  that  the  Moine  sediments  were 
pre-Torridonian,  there  has  been  recently  a  marked  swing  towards 
Peach’s  view  that  they  are  the  equivalents  of  the  Torridonian. 

The  interpretation  of  the  structural  petrology  of  these  schists  in 
the  light  of  this  change  of  opinion  is  then  discussed. 

TO  the  earliest  geologists  working  in  the  North-West  Highlands 
the  “Eastern  Schists”  presented  no  great  age-problem.  A 
century  and  a  quarter  ago  Macculloch  described  their  apparently 
normal  superposition  on  fossiliferous  quartzite  and  limestone  visible 
at  many  points  along  the  eastern  shore  of  Loch  EireboU.  Nicol, 
some  thirty  years  later,  contended  that  the  upward  succession  to 
the  Eastern  Schists  was  not  normal  superposition  but  the  older  view 
was  upheld  by  a  formidable  group  of  eminent  geologists  and  thus 
still  for  a  time  continued  to  receive  general  acceptance.  A  few  inde¬ 
pendent  geologists,  of  whom  Callaway  may  be  specially  mentioned, 
refused  to  subscribe  to  this  view,  but  it  was  the  work  of  Lapworth 
and  the  results  which  he  set  forth  in  his  classic  papers  on  “  The  Secret 
of  the  Highlands”  which  finally  established  the  truth  of  Nicol’s 
contention  that  the  Eastern  Schists  had  been  overthrust  upon  the 
Assynt  Series  by  later  earth  movements.  Thus  began  the  age-con¬ 
troversy  concerning  these  rocks  which,  through  the  later  detailed 
work  of  the  Geological  Survey,  have  become  generally  known  as  the 
Moine  Schists. 

Superposed  upon  the  fossiliferous  Cambro-Ordovician  sediments 
during  the  Caledonian  orogeny,  the  Moine  Sclusts  might  none  the 
less  be  a  part  of  the  Lower  Palaeozoic  succession  and  have  been 

^  The  substance  of  this  i)aper  was  incorporated  in  a  more  general  discussion 
presented  before  Section  C  at  the  Birmingham  Meeting  of  the  British  Associa¬ 
tion,  5  th  September,  1950. 
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metamorphosed  during  the  Caledonian  movements ;  they  might 
on  the  other  hand  be  Pre-Cambrian  sediments,  and  if  this  were  so 
they  might  have  been  converted  to  schists  during  the  Caledonian 
orogeny,  they  might  have  been  metamorphosed  during  some  earlier 
orogeny  and  have  come  into  position  in  the  Caledonian  structures 
already  in  the  condition  of  schists,  or  they  might  have  undergone 
a  dual  metamorphism.  K  the  metamorphism  were  wholly  Caledonian 
the  original  sediments  might  well  be  the  equivalents  of  the  Torridonian 
of  the  foreland  region.  Almost  all  permutations  of  these  possibilities 
for  the  age  of  the  sediments  and  for  the  period  or  periods  of  their 
metamorphism  have  been  upheld  at  times  during  the  last  fifty  years, 
at  least  by  individual  geologists. 

The  evidence  in  favour  of  four  groups  of  opinion  was  marshalled 
by  Professor  H.  H.  Read  in  1934,  a  few  years  after  the  publication  of 
Chapters  on  the  Geology  of  Scotland,  by  B.  N.  Peach  and  J.  Home, 
which  revealed  that  to  the  last  there  was  “complete  divergence  in 
the  views  of  these  two  masters  concerning  certain  fundamental  prob¬ 
lems  of  the  Moine  Series  Whilst  Peach  regarded  the  Moine  Series 
as  the  equivalent  of  the  Torridonian,  and  its  metamorphism  therefore 
as  entirely  Post-Cambrian,  Home  held  them  to  be  Pre-Torridonian 
sediments  first  metamorphosed  in  Pre-Cambrian  times  but  further 
modified  by  Post-Cambrian  movements  (Peach  &  Horne,  1930,  p.  201). 

Read’s  summary  was  published  at  a  time  when  the  development 
of  work  by  the  Survey  in  the  Northern  Highlands  appeared  to  support 
the  view  that  the  Moine  sediments  and  their  regional  metamorphism 
were  of  Pre-Torridonian,  and  possibly  Lewisian  date.  Firstly,  he 
drew  attention  to  the  fact  that  the  Moine  schists  in  a  belt  of  “  low 
grade  ’’  metamorphism  adjacent  to  the  outcrop  of  the  Moine  Thmst 
were  poly-metamorphic  ;  a  dislocation-metamorphism,  clearly  arising 
from  the  Post-Cambrian  movements,  is  superposed  upon  and  breaks 
down  the  general  regional  metamorphism  of  the  schists.  If  the  Moine 
sediments  are  the  equivalents  of  the  Torridonian  of  the  foreland  region 
this  dislocation  metamorphism  must  be  accepted  as  being  related  to  a 
late  phase  (essentially  post-crystalline)  of  the  movements  which 
at  an  earlier  stage  of  the  same  orogeny  built  up  the  main  regional 
fabric.  Secondly,  he  showed  that  the  Ben  Loyal  syenite  could  be  most 
reasonably  correlated  with  the  Post-Cambrian  alkaline  intrusions  of 
Loch  Ailsh  on  the  grounds  of  close  petrographic  similarity.  The  Ben 
Loyal  intrusion  is  later  than  the  regional  metamorphism  of  the  Moine 
Schists,  whilst  the  Loch  Ailsh  intrusions  are  sheared  by  the  Post- 
Cambrian  thrusting.  Hence  the  overthrusting  phase  of  the  Caledonian 
orogeny  found  the  Moine  sediments  already  in  the  condition  of  high- 
grade  schists  ;  to  accommodate  these  facts  with  acceptance  of  a  Torri¬ 
donian  age  for  the  Moine  sediments  the  intrusion  of  these  alkaline 
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rocks  must  be  dated  within  the  Post-Cambrian  orogeny.  This  is 
the  view  upheld,  for  example,  by  Sir  Edward  Bailey  (Bailey  and 
McCallien,  1934,  pp.  553-4  ;  Bailey  and  Holtedahl,  1938,  pp.  35, 40-1). 
An  interesting  further  development  of  this  point  is  the  correlation 
suggested  by  Nicholls  (1950,  p.  98)  between  these  alkaline  rocks  and  a 
nordmarkitic  syenite  forming  part  of  the  Glenelg-Ratagain  complex. 

It  is  important  to  bear  in  mind,  however,  in  these  discussions  that 
the  term  “  Caledonian  ”  is  ordinarily  used  in  a  very  general  sense 
to  cover  a  wide  period  of  time — “the  building  of  the  Caledonian 
Chain  was  probably  continued  through  millions  of  years”  (Bailey, 

1 950,  p.  237).  Thirdly^  Read  stressed  that  mapping  in  Central  Sutherland 
had  revealed  “  Rocks  of  Lewisian  Type  ”  apparently  occurring  as  an 
integral  part  of  the  Moine  succession,  and  that  “  there  is  a  similarity, 
amounting  in  many  cases  to  complete  identity  between  the  ortho¬ 
gneisses,  paragneisses,  and  ultrabasic  and  basic  intrusions  in  Rocks  of 
Lewisian  Type,  Lewisian  Inliers,  and  unmoved  Lewisian  Gneiss  of  the 
foreland  ”  (Read,  1934,  p.  314). 

Of  the  view  that  the  Moine  sediments  are  the  equivalent  of  the 
Torridonian,  Read  wrote  at  that  time  “  The  view  ...  is  associated 
with  the  name  of  Peach  ;  there  are  adherents  among  Scottish  geologists 
but  their  faith  has  not  yet  been  committed  clearly  to  print”  (ibid., 
p.  303).  Some  objections  to  this  hypothesis  are  detailed  by  Dr.  J. 
Phemister  (1948,  p.  35),  but  his  final  conclusion  that  “  the  balance  of 
probability,  with  our  present  limited  knowledge,  is  in  favour  of  the 
view  that  the  dynamothermal  metamorphism  of  the  Series  is  of  early 
Caledonian  age  ”  (ibid.,  p.  37)  can  of  course,  be  accommodated  with 
acceptance  of  a  Torridonian  age  for  the  sediments  themselves. 

Some  of  the  most  recent  work  on  these  problems  was  presented  at 
the  Eighteenth  Session  of  the  International  Geological  Congress  in 
London,  1948,  the  full  texts  of  which  are  now  appearing  in  print.  This 
new  work  reveals  a  body  of  opinion  supporting  Peach’s  contentions. 
Thus  Sir  Edward  Bailey,  in  a  masterly  address  on  “  The  Structural 
History  of  Scotland  ”,  offered  proof  that  “  the  present-day  Moine- 
Schist  crystallization  in  Skye  is  of  Caledonian  date  ”,  and  whilst  this 
“  does  not,  of  course,  tell  us  whether  or  no  these  Moine  Schists  formerly 
possessed  a  pre-Caledonian  metamorphism  ...  I  strongly  favour  the 
view  that  until  their  Caledonian  metamorphism  the  Moine  sediments 
were  unmetamorphosed.  ...  In  fact,  I  have  of  late  joined  the  ranks 
of  those  who  think  that  Peach  was  in  all  probability  correct  in  inter¬ 
preting  the  Moine  Schists  as  Torridonian  sediments  disguised  by  Cale¬ 
donian  metamorphism  ”  (Bailey,  1950,  pp.  235-6).  Professor  W.  Q. 
Kennedy  (1949)  showed  that  a  series  of  metamorphic  zones  could  be 
based  on  the  progressive  changes  in  interbedded  calc-silicate  granulites, 
and  that  these  revealed  an  increase  in  grade  eastwards  towards  the  area 


228 


F.  C.  Phillips- 


of  injection  complexes.  Whilst  the  acceptance  of  the  validity  of  these 
metamorphic  zones  does  not  in  itself  necessarily  involve  acceptance 
of  a  Torridonian  age  for  the  original  sediments,  he  considers  that  in 
Skye  the  Tarskavaig  rocks  fall  into  line  as  a  lower  nappe  of  inter¬ 
mediate  grade  between  the  non-metamorphic  Torridonian  of  the  fore¬ 
land  and  the  highly  metamorphosed  Moine  Schists.  Summing  up 
these  and  other  contributions,  the  Secretary  of  Section  M  writes 
(Shackleton,  1949,  p.  29) :  “  The  Moine  schists  are  thus  demonstrated 
to  be  the  metamorphic  equivalents  of  the  Torridonian  Sandstones. 
Their  tectonics  and  metamorphism  are  Caledonian.  This  great  step 
forward  in  Highland  geology  met  little  critical  opposition  ...” 

Thus  after  three-quarters  of  a  century  of  controversy  we  seem 
to  meet  with  a  reasonable  consensus  of  opinion.  The  pendulum  has 
swung  strongly  towards  Peach’s  side,  after  much  uncertain  oscillation, 
but  certainly  there  seems  to  be  nothing  in  the  arguments  advanced 
thus  far  to  justify  the  wording  of  the  title  of  this  article.  It  is  when  we 
turn  to  the  evidence  provided  by  a  study  of  the  structural  petrology 
of  these  rocks,  however,  that  we  seem  to  be  impelled  in  the  present 
situation  towards  the  invocation  of  coincidence. 

The  more  acute  observers  among  the  early  surveyors  realized 
that  a  characteristic  lineation  visible  on  the  schistosity  surfaces  of 
the  schists  over  large  areas  was  probably  of  vital  significance  in  the 
interpretation  of  their  genesis.  It  could,  they  thought,  be  reasonably 
ascrib.  1  directly  to  the  movements  towards  the  north-west  associated 
with  the  overthrusting — it  was,  in  fact,  similar  in  significance  to  surface- 
slickensides,  and  so  it  was  mapped  as  a  ”  direction  of  stretching  in 
schistose  particles  ”.  On  some  map-sheets,  but  not  on  all,  the  appropri¬ 
ate  symbol  was  furnished  with  an  arrow-head  to  express  the  sense  of 
direction  of  the  ‘‘  stretching  ”.  The  earliest  detailed  examination  of  the 
fabric  (Phillips,  1937)  showed  that  this  lineation  had  a  constant  relation¬ 
ship  to  the  pattern  of  preferred  orientation  of  the  chief  mineral  com¬ 
ponents  of  the  schists.  Optic  axes  of  quartz,  and  normals  to  cleavages 
of  muscovite  and  biotite,  lay  in  girdles  with  their  planes  at  right 
angles  to  the  lineation,  which  plunges  in  general  south-easterly  at  low 
angles  independently,  to  a  large  extent,  of  the  direction  of  dip  of  the 
schistosity  surfaces.  This  was  a  fabric  already  familiar  to  structural 
petrologists  as  characteristic  of  schists  from  many  areas  in  various 
parts  of  the  world  ;  rocks  possessing  it  are  described  as  girdle-tectonites 
(or  sometimes  as  B-tectonites,  but  this  term  carries  a  genetic  rather 
than  purely  descriptive  connotation).  At  the  date  of  this  publication 
it  was  generally  accepted  that  the  lineation  in  this  type  of  fabric  parallels 
the  6-axis  of  the  fabric — it  lies  at  right  angles  to  the  a-axis  or  direction 
of  principal  movement.  6-axes  could  therefore  be  given  much  of  the 
significance  of  main  fold-axes  (to  which,  indeed,  they  may  be  parallel 
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in  some  areas)  ;  in  the  marginal  overthrust  areas  of  a  folded  mountain 
region  they  might  thus  be  expected  to  lie  parallel  with  the  thrust  front 
if  genetically  related  to  the  thrust  movements.  Hence  the  south¬ 
easterly  plunging  6-axes  of  the  Moine  fabric  were  indicative  of  a 
fabric  which  could  not  be  related  to  the  Caledonian  movements 
from  the  south-east  but  which  suggested  instead  correlation  with 
movements  along  south-west  and  north-east  lines,  a  direction  known 
to  be  prominent  in  the  structural  make-up  of  some  of  the  Lewisian 
rocks  of  the  foreland.  Thus  the  results  were  believed  to  afford  support 
for  Read’s  contention  of  1934  that  the  Moine  Series  and  its  meta¬ 
morphism  were  of  Pre-Torridonian  (and  possibly  Lewisian)  age. 

From  about  this  date  onwards,  however,  a  number  of  writers 
began  to  express  doubts  whether  the  interpretation  of  a  girdle-fabric 
outlined  above  is  always  correct.  To  help  to  keep  the  following  dis¬ 
cussion  clear  we  shall  refer  to  this  earliest  interpretation  as  “  orthodox 
The  urge  to  revise  this  interpretation  can  be  said  to  arise  in  three 
ways — (1)  from  the  investigation  of  areas  in  which  there  appears  to  be 
positive  evidence  of  a  genetic  connection  between  the  girdle  fabric 
and  movements  parallel  to  the  lineation,  (2)  from  the  investigation 
of  areas  in  which  evidence  of  such  connection  is  slender  or  absent 
but  in  which  acceptance  of  the  orthodox  interpretation  appears  to 
conflict  with  the  weight  of  evidence  afforded  by  general  tectonic 
studies,  (3)  from  theoretical  considerations  of  the  probable  mode 
of  response  of  mineral  aggregates  to  deformation,  though  it  is  probably 
not  unfair  to  comment  that  such  considerations  have  perhaps  been 
largely  prompted  by  the  instances  of  conflict  noted  under  (2). 

The  vital  conclusion  of  such  reconsiderations  is  to  replace  the 
orthodox  interpretation  of  the  fabric  of  a  girdle-tectonite  by  a 
“  revised  ”  interpretation,  in  which  the  girdle  is  held  to  lie  normal 
to  the  main  movements,  which  have  thus  taken  place  parallel  to  the 
lineation.  The  extent  to  which  this  revised  interpretation  is  supported 
varies  from  the  contention  that  girdle-fabrics  are  ambiguous, 
“  orthodox  ”  being  correct  in  some  instances  and  “  revised  ”  in 
others,  through  shades  of  opinion  to  the  completely  drastic  conclusion 
that  the  orthodox  interpretation  was  a  fundamental  mistake  and  that 
the  revised  interpretation  of  the  relationship  between  lineation  of 
this  type  and  the  main  direction  of  movement  is  now  to  be  accepted 
in  all  cases  (e.g.  Anderson,  1948,  p.  125).  In  connection  with  this 
argument  it  is  important  to  emphasize  that  the  complete  fabric  picture 
of  a  girdle-fabric  which  we  are  trying  to  explain  involves  further 
characteristics — grain  elongation,  ac  jointing,  etc. — in  addition  to  the 
preferred  orientation  and  lineation  on  which  we  have  so  far  con¬ 
centrated  attention  ;  the  supporters  of  ambiguity  of  interpretation 
have  so  far  been  unable  to  suggest  a  single  fabric  criterion  (or,  indeed, 


230 


F.  C.  Phillips — 


any  criterion  whatever)  by  which  the  correct  interpretation  may  be 
selected  in  a  given  area ;  girdles  and  associated  fabric  accorded 
the  revised  interpretation  appear  to  be  identical  in  every  way  with 
those  held  to  be  related  in  quite  the  opposite  sense  to  the  main  direction 
of  movement. 

Upon  the  revised  interpretation,  folds  with  axes  parallel  to  the 
lineation  acquire  a  different  significance ;  they  are  no  longer  to  be 
viewed  as  parallel  to  the  main  structural  lines  of  the  region,  but  rather 
as  crenulate  folds  on  the  flanks  of,  and  at  right  angles  to,  the  funda¬ 
mental  structures.  Two  analogies  used  by  Professor  E.  Cloos  aptly 
illustrate  this  point :  The  principle  involved  is  the  same  as  that  used 
in  ...  the  making  of  corrugated  iron  ...  by  rolling  sheet  metal 
longitudinally  and  allowing  for  lateral  shortening  normal  to  the 
direction  of  rolling  ”  (1946,  p.  28) ;  “  anyone  who  has  observed  an 
oncoming  train  will  have  seen  that  the  front  of  the  engine  moves  in 
circles  normal  to  the  tracks”  (1947,  p.  11).  The  sideways  movement 
thus  believed  to  be  expressed  in  the  girdles  represents,  of  course, 
only  a  component  of  the  main  movement. 

It  is  disturbing,  however,  to  find  in  some  of  these  recent  writings 
the  revival  of  the  old  mistranslation  of  Sander's  “  Teilbewegung  ” 
as  ‘‘partial  movement”  (e.g.  Strand,  1945,  pp.  21,  22,  24;  Qoos, 
1947,  p.  1 1).  At  one  point  this  unfortunate  term  even  gets  retranslated 
back  into  German  to  give  a  supposed  German  word  ‘‘  Partialbewe- 
gung  ”.  A  part  of  the  difficulty  experienced  by  foreign  geologists  in 
absorbing  the  wealth  of  new  ideas  put  forward  by  Professor  Sander 
lay  in  the  complexity  of  the  language  involved  and  in  the  number  of 
new  German  terms  for  which  there  were  at  first  no  accepted  equivalents 
in  other  languages.  It  is  quite  clear,  however,  as  long  ago  pointed 
out  by  Ingerson,  that  to  translate  “Teilbewegung”  as  ''partial 
movement  ”  is  to  convey  the  quite  erroneous  idea  that  Sander  was 
discussing  movements  which  were  partial  or  incomplete.  In  fact  he 
was  discussing  the  movements  of  individual  parts,  or  fabric  com¬ 
ponents,  of  the  rock,  and  most  structural  petrologists  have  long  ago 
accepted  the  term  “componental  movement”  as  the  equivalent 
English  term.  It  is  assuredly  quite  illegitimate  to  revive  this  mis¬ 
translation  in  apparent  support  of  a  revised  interpretation  of  girdle 
fabrics  as  illustrating  effective  auxiliary  movement  at  right  angles 
to  the  main  movement. 

Next  it  must  be  stated  quite  emphatically  that,  in  my  opinion 
few  practising  structural  petrologists  with  a  v^de  acquaintance  with 
these  rocks  in  the  field  and  a  knowledge  of  the  relevant  literature 
dealing  with  the  results  of  other  workers  are  prepared  to  accept  the 
drastic  view  that  the  revised  interpretation  is  always  correct.  The  view 
is  “  in  direct  contradiction  to  many  competent  workers’  observations  ” 
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<Dr.  Gilbert  Wilson,  discussion  on  Anderson,  1948,  p.  126).  The 
scope  of  this  article  will  not  allow  the  citation  of  a  long  list  of  examples 
in  support  of  this  statement.  Sir  Lewis  Fermor,  in  various  discussions 
(e.g.  Phillips,  1937,  p.  618  ;  Anderson,  1948,  p.  130),  has  mentioned 
a  number  of  clear  examples  of  a  regional  lineation  parallel  to  the  pitch 
of  fold-axes.  Nearer  home,  we  find  a  similar  state  of  affairs  in  the 
schists  of  the  Start  area,  S.  Devon  (Phillips,  1950,  p.  71).  The  age 
of  these  rocks  and  the  nature  of  their  boun^ry  against  the  Devonian 
sediments  to  the  north  are  matters  still  in  dispute.  It  is  clear,  however 
(Tilley,  1923,  p.  178),  that  the  predominant  structure  is  anticlinorial 
pitching  to  the  west ;  the  lower  mica-schists  of  the  Start  area  itself, 
the  green  schists  and  the  upper  mica-schists  of  the  Bolt  area  can 
be  studied  almost  continuously  in  magnificent  coastal  exposures 
and  are  almost  everywhere  strongly  lineated.  The  lineation,  which  is 
normal  to  the  plane  of  a  girdle  fabric,  has  constantly  an  almost  east- 
west  direction,  and  throughout  the  greater  part  of  the  area  plunges 
westerly  at  low  angles  in  perfect  conformity  with  the  pitch  of  the  main 
anticlinorial  axis.  Whatever  the  age  of  these  rocks  may  be,  it  is  unlikely 
to  be  seriously  contended  either  that  this  ten-mile  long  anticlinorium 
is  a  minor  crenulation  on  the  flank  of  a  N.-S.  structure  or  that  the 
schists  were  driven  into  position  along  the  length  of  the  present  English 
Channel ! 

Some  of  the  strongest  evidence  apparently  supporting  the  revised 
interpretation  comes  from  studies  of  deformed  conglomerates.  Strand 
(1945),  for  example,  has  described  from  the  Bygdin  Conglomerate 
boulders  of  quartzite  drawn  out  in  a  N.W.-S.E.  direction  by  the 
movement  of  an  overriding  thrust-sheet  towards  the  S.E.  The  fabric 
patterns  of  quartz  and  sericite  in  these  deformed  boulders  are  girdles 
with  a  direction  N.E.-S.W.  He  believes  with  Goldschmidt  that  there 
is  evidence  that  the  boulders  were  of  sandstone  with  a  well  preserved 
clastic  structure  at  the  time  of  embedding  in  the  conglomerate,  and 
that  the  possibility  of  a  Pre-Caledonian  deformation  is  ruled  out. 
In  the  S.E.  of  Fetlar,  Shetland  Islands,  the  Funzie  conglomerate  con¬ 
tains  boulders  and  pebbles  of  vital  interest  in  this  connection.  The 
conglomerate  (Phemister,  1930,  p.  83)  outcrops  over  a  width  of  a  mile, 
dipping  steeply  westwards.  The  western  boundary  is  a  line  of  move¬ 
ment  near  which  the  conglomerate  is  so  deformed  that  the  individual 
pebbles  and  boulders  are  quite  unrecognizable.  The  intensity  of 
deformation  diminishes  eastwards  and  northwards,  and  here  are  to 
be  found  many  deformed  C*  stretched  ’*)  boulders  of  granulite,  quartzite, 
and  other  rock-types.  Some  of  these  have  been  drawn  out  into  a  shape 
like  a  cuttle-bone  by  shearing  parallel  to  their  length. 

The  fabric  of  such  boulders  shows  a  well-defined  girdle  of  mica, 
and  often  also  of  quartz,  with  its  axis  parallel  to  the  length  of  the 
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boulder  and  therefore  in  the  direction  of  shearing.  Here,  indeed, 
would  seem  at  first  sight  to  be  excellent  evidence  in  support  of  the 
revised  interpretation  of  such  a  girdle  and  its  associated  lineation. 
Detailed  study  of  boulders  of  various  rock-types  and  of  the  matrix, 
however  (which  I  hope  to  publish  in  full  at  a  later  date)  seem  to  prove 
that  these  particular  boulders  possessed  a  highly-oriented  fabric  at 
the  time  of  their  incorporation  in  the  conglomerate  and  that  the  shearing 
movements  were  overprinted  on  the  original  fabric  at  the  time  of  the 
later  movements  (compare  Pascoe,  1924,  on  the  Bar  Conglomerate, 
Rajputana,  where  also  the  deformed  pebbles  derived  from  an  under¬ 
lying  gneiss  are  likened  in  shape  to  cuttle-bones).  Fuller  recognition 
of  the  effects  of  overprinting  of  later  movements  on  an  earlier  fabric 
would  probably  considerably  undermine  the  evidence  at  present  sup¬ 
posed  to  support  the  revised  interpretation  ;  whilst  I  am  not  prepared 
to  suggest  that  the  description  of  the  Funzie  conglomerate  can  be 
applied  directly  to  that  of  Bygdin  “  for  Strand’s  conglomerate  area 
the  final  word  has  not  been  said  ”  (Fairbaim,  1949,  p.  220). 

Yet,  even  if  as  I  maintain  it  can  be  demonstrated  that  the  revised 
interpretation  is  certainly  not  universally  applicable,  it  cannot  be 
claimed  that  we  are  in  a  position  at  present  to  prove  that  it  never 
applies.  How,  then,  does  the  possibility  of  such  revised  interpretation 
apply  to  the  study  of  the  fabric  of  the  Moine  schists  ?  It  would, 
of  course,  enable  us  to  accept  the  whole  fabric,  and  the  regional 
metamorphism  under  which  it  came  into  being,  as  of  Post-Cambrian 
(“  Caledonian  ”)  age,  so  that  the  sediments  themselves  might  then 
be  the  equivalents  of  the  Torridonian  sandstones.  The  widespread 
fiat  folds  with  south-easterly  trending  axes,  to  which  Professor  Read  in 
particular  has  drawn  attention,  would  be  interpreted  as  crenulate  folds, 
and  the  mullion  structure  would  presumably  be  put  in  the  same  category. 

This  revised  interpretation,  however,  must  only  be  applied  to  the 
high-grade  products  of  the  Post-Cambrian  metamorphism.  The 
Cambrian  quartzites  within  the  overthrust  zone,  and  rocks  still 
recognizable  as  sheared  Torridonian  (and  mapped  as  such)  show  a 
low  degree  of  preferred  orientation,  with  poorly  defined  girdles, 
but  with  the  orthodox  relationship  to  the  north-westerly  movements. 
The  Tarskavaig  rocks,  which  were  separated  in  mapping  on  account 
of  their  intermediate  grade  of  metamorphism,  show  in  general  a 
rather  better  defined  girdle  but  still  in  the  orthodox  orientation. 
In  the  Moine  schists  themselves,  however,  incipient  development  of 
an  orthodox  girdle  is  found  mainly  near  the  outcrop  of  the  imbricate 
zone.  Apparently,  then,  the  rocks  only  slightly  deformed  (and  belonging 
to  Kennedy’s  lower  nappes)  showed  orthodox  response  ;  the  Moine 
schists  of  the  now  highest  nappe  responded  according  to  the  revised 
interpretation  in  their  original  environment,  though  they  may  show  a 
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weak  superposed  orthodox  response  when  brought  up  within  the 
present  zone  of  dislocation-metamorphism.  The  Inchbae  Gneiss, 
intruded  into  the  Moine  sediments  before  the  onset  of  the  regional 
metamorphism,  likewise  followed  the  revised  programme. 

Turning  next  to  the  Lewisian  of  the  foreland  area,  we  find  that 
many  of  these  rocks  show  a  fabric  closely  similar  to  that  of  the  Moine 
schists,  both  as  regards  details  of  the  fabric  pattern  itself  and  its 
orientation  in  space.  (The  recent  work  of  Dr.  Sutton  and  Dr.  Janet 
Watson  points  towards  the  existence  of  two  distinct  chronological 
units  within  the  “  Lewisian  ”  ;  the  rocks  which  I  have  examined  in 
detail  apparently  fall  within  the  “  Laxfordian  ”  of  these  authors,  Sutton 
and  Watson,  1950,  p.  53).  It  has  been  suggested  that  the  revised 
interpretation  applies  also  to  these  rocks  (Shackleton,  discussion  on 
Anderson,  1948,  p.  128),  but  there  is  also  a  N.W.-S.E.  fold  system  to 
which  the  fabric  might  well  prove  to  have  the  orthodox  relationship. 
If  the  Moine  schists  are  Torridonian  sediments,  however,  the  inter¬ 
pretation  of  the  fabric  of  the  Lewisian  of  the  foreland  has  no  direct 
bearing  on  the  problem  which  we  are  discussing  ;  presumably  we  must 
rest  content  at  present  to  accept  the  close  resemblances  between  the  two 
regional  fabrics  as  merely  coincidental. 

Lewisian  rocks,  however,  are  also  found  involved  in  the  overthrust 
zone,  as  in  the  Sleat  jseninsula  in  Skye.  Sir  Edward  Bailey  writes  of 
these  rocks  (1950,  p.  235)  “  the  present-day  metamorphism  of  all  the 
Moine-Nappe  Lewisian  of  Skye  is  of  Caledonian  date  These  rocks 
must  thus  have  been  completely  recrystallized  from  their  original  pre- 
Torridonian  fabric,  an  occurrence  which  has  been  claimed  also  for  Pre- 
Cambrian  rocks  on  the  other  side  of  the  Caledonides.  Kvale,  for 
example  (1945,  p.  212),  describes  the  fabric  of  a  quartzite  which  is  most 
likely  Pre-Cambrian  and  has  been  subjected  to  Pre-Cambrian  as  well 
as  Caledonian  deformation.  “  As  no  trace  of  the  earlier  deformation  is 
left,  every  single  grain  in  the  rock  has  been  reoriented  under  the 
Caledonian  deformation.”  The  fabric  of  these  rocks  in  Skye  is  essenti¬ 
ally  homotactic  with  that  of  the  Moine  schists,  showing  like  them 
the  revised  orientation  but  often  with  partial  development  of  an 
orthodox  girdle.  What  is  remarkable,  however,  is  the  extraordinarily 
close  resemblance  of  these  supposedly  totally  recrystallized  rocks  to 
the  Lewisian  of  the  foreland  with  its  Pre-Torridonian  fabric,  the 
only  difference  being  that  the  foreland  rocks  do  not  show  the  partial 
orthodox  girdle.  It  might  be  suggested  that  the  earlier  fabric  has  been 
effective  in  producing  a  type  of  mimetic  recrystallization,  but  of  course 
no  such  explanation  can  be  applied  to  the  Moine  schists  if  they  were 
unrecrystallized  Torridonian  sandstones  at  the  time  of  the  onset  of 
the  Caledonian  metamorphism. 

The  position  can  best  be  summarized  as  in  Table  I : — 
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Table  I 


Age 

! 

Formation  Mapped  ' 

Fabric  and  Orientation 

Orthodox  j 

Revised 

Torridonian  or 
Younger. 

Thrust  Cambrian 
„  Torridonian 
Tarskavaig  rocks 

Inchbae  gneiss 

Moine  schists 

Weak  ! 

Weak 

Moderate  1 

Partial  near 
overthrusts. 

Strong 
j  Strong 

Pre-Torridonian  . 

1  Lewisian. 

Partial  in 

overthrust 

nappes. 

i  Strong 

The  resolution  on  a  scientific  basis  of  the  apparent  coincidences 
thus  made  evident  must  clearly  be  the  aim  of  immediate  further 
work.  The  life-history  of  the  Moine  schists  is  punctuated  by  a  series 
of  igneous  episodes  : — 


Intrusion. 

5.  “  Newer  Igneous  Rocks  ” 

4.  Ben  Loyal-Loch  Ailsh  alkaline 
rocks. 

3.  Injection  complexes 

2.  Cam  Chuinneag-Inchbae  intm- 
sion. 

(I.  Lewisian  orthogneisses.  Pre-T( 


Age-relationship. 

Essentially  late  Caledonian  "  and 
post-overt  hrusting. 

Post-regional  metamorphism,  partly 
at  least  pre-overthrusting. 

?  Contemporaneous  with  the  regional 
metamorphism. 

Post-Moine  sedimentation,  but  pre- 
regional  metamorphism. 

ridonian.) 


The  greatest  help  would  be  afforded  by  any  method  of  directly 
determining  the  age  of  these  intrusions.  Though  the  absolute  ages 
would  be  most  convincing,  even  relative  age-determinations  would 


Table  II 


Age  1 

! 

] 

Formation  Mapped 

i 

1 

Fabric  and  Orientation 

N.W.-S.E. 

Girdle 

N.E.-S.W. 

Girdle 

Torridonian  or 
Younger. 

Thrust  Cambrian 
„  Torridonian  1 

Tarskavaig  rocks 

Weak  j 

Weak 

Moderate 

Pre-Torridonian 

Inchbae  gneiss 

Moine  schists 

Lewisian 

,  Partial  near 
i  overthrusts. 

1  Partial  in 
'  overthrust 

I  nappes. 

Strong 

Strong 

'  Strong 
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notably  clarify  the  present  confused  situation,  since  if  the  Moine 
sediments  are  Torridonian  then  events  2-5  must  all  be  post-Torri- 
donian,  and  events  3-5  must  all  fall  within  the  period  of  the  “  Cale¬ 
donian  ”  orogeny.  Whilst  work  on  these  lines  is  proceeding,  it  remains 
to  be  stated  emphatically  that  the  structural  petrologist  finds  strong 
evidence  to  support  the  modified  situation  displayed  in  Table  II. 

Perhaps,  after  all,  it  was  Home  and  not  Peach  who  was  right  ? 
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Indigenous  and  Exotic  Foraminifera  in  the  Coralline 
Crag  of  Sutton,  Suffolk 

By  D.  J.  Carter 
Abstract 

The  effects  of  current  action  on  the  distribution  of  foraminiferal 
tests  are  discussed  and  evaluated.  The  distributions  of  current- 
drifted  and  indigenous  foraminiferal  tests  are  compared  and 
contrasted.  A  simple  method  of  plotting  abundance  data  facilitating 
differentiation  between  current-drifted  and  indigenous  forms  has 
been  developed  and  applied  to  assemblages  from  the  Pliocene 
Coralline  Crag  of  Sutton,  Suffolk.  It  has  been  found  that  these 
assemblages  do  not  represent  the  original  biocoenoses,  but  consist 
largely  of  exotic  forms. 

I.  General  Considerations 

IN  recent  years  the  opinion  has  frequently  been  expressed  that  the 
distribution  of  the  foraminifera  is  not  materially  affected  by  the 
existence  of  marine  currents  (Phleger,  1942  ;  Phleger  and  Walton, 
1950).  It  has  been  suggested  that  the  foraminiferal  test  is  unable  to 
stand  abrasion  by  transportation  over  the  sea  bottom  (Said,  1950,  p.  1 3), 
and  that  the  influence  of  the  currents  would  be  offset  by  the  destruction 
of  the  transported  forms.  This  may  well  be  true  when  distances  of  the 
magnitude  envisaged  by  Said  are  involved,  but  in  the  case  of  distances 
less  than  20  miles  the  situation  would  be  very  different.  In  the 
author’s  experience  foraminiferal  tests  are  able  to  survive  transporta¬ 
tion  over  distances  of  this  order  of  magnitude  without  suffering  any 
noticeable  degree  of  damage.  Illing  (1950,  p.  758)  notes  that  many 
of  the  foraminiferal  shells  found  in  the  unconsolidated  recent  deposits 
of  the  Bahama  Banks,  although  transported,  are  beautifully  preserved. 
It  is  therefore  possible  that  transported  forms  occur  in  many  more 
marine  sediments  than  have  been  supposed,  but  have  not  been 
recognized  as  such. 

Failure  to  recognize  the  presence  of  drifted  foraminiferal  tests  in  an 
assemblage  could  lead  to  considerable  errors  in  the  interpretation  of 
the  ecological  conditions  existing  at  the  time  and  place  of  deposition 
of  the  enclosing  sediment.  An  assemblage  consisting  dominantly  of 
drifted  forms  would  indicate  physical  conditions  (depth,  salinity, 
temperature,  turbidity,  etc.)  of  the  water  of  the  original  area  in  which 
the  organisms  lived,  rather  than  those  of  the  water  in  which  the 
sediment  accumulated.  Assemblages  consisting  of  mixtures  of  drifted 
and  indigenous  forms  would  indicate  either  the  existence  of  ecological 
anomalies,  or  of  conditions  somewhere  between  those  of  the  exotic  and 
depositional  environments,  according  to  the  proportion  of  drifted  forms 
in  the  assemblage  and  the  methods  of  evaluation  utilized  by  the  worker. 
Further  complications  are  introduced  by  the  sorting  action  of  the 
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currents  on  the  transported  forms.  The  deposition  of  the  shells  of 
larger  species  with  the  coarser  sedimentary  material  and  the  smaller 
shells  with  the  detritus  of  smaller  grain  size  would  automatically  result 
in  the  production  of  different  “  pseudofaunules  ”  in  sediments  of 
different  grain  size.  Additional  complications  in  distribution  may  also 
be  introduced  by  the  actual  shape  of  the  individual  shells.  Although 
little  is  known  of  the  extent  to  which  transportation  by  rolling  and 
saltation  occurs  on  the  sea  floor,  investigations  carried  out  on  river 
sediments  (Hjulstrdm,  1939)  indicate  that  in  shallow  water  areas  these 
processes  are  liable  to  be  of  some  importance.  If  this  is  the  case, 
a  subsidiary  sorting  action  might  well  be  introduced,  for  spherical 
shells  would  tend  to  roll  more  easily  than  those  with  angular  or  com¬ 
pressed  shapes.  In  extreme  cases  density  differences  between  shells 
might  also  be  of  importance,  for  the  heavier  forms  would  tend  to  be 
deposited  more  easily  than  those  of  identical  size  but  smaller  weight. 
Variations  in  the  constitution  of  foraminiferal  assemblages  produced 
by  such  sorting  actions  have  been  noticed  by  the  author  in  the  beach 
sands  of  Teneriffe  and  similar  phenomena  have  been  described  by 
filing  (1950,  p.  759)  in  the  current-swept  shallow- water  deposits  of  the 
Bahama  Banks.  There  is  no  reason  to  suppose  that  some  of  the 
ecological  anomalies  present  in  many  fossil  shallow-water  assemblages 
should  not  be  assigned  to  the  same  cause. 

The  character  of  the  sediments  found  in  a  current-drifted  deposit 
are  controlled  partly  by  the  constitution  of  the  materials  brought  into 
the  area  of  sedimentation  and  partly  by  the  local  current  speeds  at  the 
place  of  deposition  of  the  sediment.  Since  it  is  the  local  conditions  at 
the  place  of  deposition  which  ultimately  determine  the  type  of  sediment 
which  is  laid  down,  their  influence  will  be  in  all  cases  dominant.  Since 
the  transported  foraminifera  can  be  considered  as  an  integral  portion 
of  the  sediment  the  same  will  also  be  true  for  the  deposited  assemblages. 
Therefore  the  changes  in  the  foraminiferal  assemblages  will  be 
controlled  dominantly  by  the  changes  in  current  speed  at  the  place  of 
sedimentation  and  modifled  by  the  alterations  in  character  of  the  groups 
of  forms  available  for  deposition. 

In  a  case  where  the  sediment  being  swept  into  the  area  of  deposition 
remains  constant  in  character,  the  variations  produced  in  resultant 
assemblages  by  changes  in  local  current  speeds  will  in  most  cases  be 
purely  quantitative.  Since  the  foraminiferal  shells  can  be  considered 
as  an  integral  part  of  the  current-drifted  sediment,  then  within  each 
grain-size  category  the  ratio  of  shells  to  sediment  should  remain 
constant.  Therefore,  in  a  fixed  weight  of  sediment,  inclusive  of  all 
grain-size  categories,  the  total  number  of  foraminiferal  tests  in  any  one 
particular  grain-size  category  should  vary  directly  with  the  percentage 
of  that  same  grain-size  category  in  the  sediment.  For  the  same  reasons 
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it  also  follows  that  the  total  number  of  tests  of  one  particular  species 
in  any  one  particular  grain-size  category  should  also  vary  directly  with 
the  percentage  of  that  same  grain-size  category  in  the  sediment.  Thus, 
it  will  be  realized  that  the  variations  produced  in  the  assemblages  will 
be  controlled  entirely  by  the  variations  in  the  proportions  of  the  various 
grain-size  categories  deposited,  and  by  the  differences  in  size  of  the 
various  species  brought  into  the  region  of  sedimentation.  But  it  must 
be  borne  in  mind  that  where  the  sediments  show  large  changes  in  grain 
size  and  the  individual  species  are  of  widely  different  dimensions, 
qualitative  changes  will  also  be  produced  by  this  same  mechanism. 

Where  ecological  changes  are  in  progress  in  the  source  areas  of  the 
sediment,  or  where  changes  in  the  distribution  and  velocity  of  the 
currents  bringing  the  sediment  into  the  area  of  sedimentation  are 
occurring  contemporaneously  with  the  deposition  of  the  sediment,  the 
changes  produced  in  the  resultant  assemblages  will  be  to  some  extent 
qualitative.  Although  the  drifted  foraminiferal  shells  will  again  behave 
as  an  integral  part  of  the  drifted  sediment,  the  character  of  the 
sediment  itself  will  gradually  be  changing.  Areas  of  sea  floor  previously 
unaffected  may  be  coming  within  the  sphere  of  influence  of  a  changing 
current  system,  and  other  areas  previously  affected  would  be  in  the 
process  of  abandonment.  The  proportions  of  the  various  species  within 
the  individual  grain-size  categories  would  therefore  not  remain  static, 
nor  would  the  ratio  of  foraminiferal  shells  to  the  rest  of  the  sediment 
in  that  category.  Some  species  would  gradually  increase  in  abundance, 
others  would  decrease  or  disappear.  Again,  forms  previously  unrepre¬ 
sented  might  appear  and  even  become  abtmdant.  But  unless  the 
changes  in  distribution  and  velocity  of  the  currents  bringing  in  the 
sediment  were  very  sudden  and  extensive,  the  variations  produced 
could  be  small  and  gradual  compared  with  those  superimposed  on 
them  by  the  variations  in  local  conditions  controlling  the  actual  deposi¬ 
tion  of  the  sediment.  Thus,  we  would  still  expect  to  And  the  same 
relationships  existing  as  those  outlined  previously,  but  in  a  less  distinct 
and  somewhat  modified  form. 

The  abundance  of  forms  which  actually  lived  in  close  proximity  to 
their  place  of  entombment  in  current-drifted  deposits  will  not  in  the 
majority  of  cases  be  controlled  by  the  grain  size  of  the  enveloping 
sediment.  The  abundance  of  indigenous  forms  is  more  likely  to  be 
controlled  by  such  factors  as  temperature,  depth,  salinity,  etc.,  which 
are  independent  of  grain  size,  except  in  as  far  as  the  grain  size  of  the 
sediment  affects  food  supply  and  light  penetration.  It  is  therefore 
likely  that  in  the  case  of  these  forms  the  total  number  of  individuals  of 
each  species  in  the  particular  grain-size  categories  in  a  fixed  weight 
of  the  sediment  (inclusive  of  all  fractiqns)  will  show  no  relationship 
whatever  to  the  percentage  of  that  grain-size  category  in  the  sediment. 
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Distributions  of  foraminiferal  tests  agreeing  with  those  postulated 
above  have  been  found  in  the  Pliocene  Coralline  Crag  of  E.  Anglia. 

It  is  suggested  that  the  method  of  evaluating  the  abimdance  of 
individuals  of  a  species  in  a  particular  grain-size  category  in  a  fixed 
weight  of  the  original  sediment  in  relation  to  the  percentage  of  that 
grain-size  category  in  the  sediment  is  of  value  in  the  elucidation  of 
problems  involving  the  differentiation  of  indigenous  and  current 
drifted  forms. 

II.  Lithology  and  Conditions  of  Deposition  of  the  Coralline 

Crag 

The  Coralline  Crag  exposed  at  Sutton,  Suffolk,  can  be  separated 
into  three  well  marked  lithological  subdivisions.  At  the  base  is  a 
series  of  fine-grained  yellowish  marly  sands  containing  occasional 
bands  of  comminuted  shells.  These  are  overlain  by  coarser  buff- 
coloured  shell  sands,  which  pass  upwards  into  a  soft  reddish-brown 
iron-stained  rubbly  limestone.  The  latter  has  been  formed  from  the 
shell  sands  by  the  solution  and  re-deposition  of  the  constituent  calcium 
carbonate  through  the  agency  of  percolating  water.  These  three 
divisions  constitute  respectively  the  so-called  “  zones  ”,  e,  f,  and  g,  of 
Prestwich  (1871,  p.  120,  fig.  4).  There  is  no  essential  difference  in  the 
materials  of  which  the  sands  are  composed,  except  in  the  size  of  the 
onstituent  particles.  The  sands  are  mainly  of  organic  origin,  con¬ 
sisting  of  the  broken-up  skeletal  structures  of  marine  organisms  with 
only  a  small  admixture  of  inorganic  ingredients.  The  organic  material 
largely  consists  of  the  remains  of  comminuted  moUuscan  shells,  and 
rolled  and  worn  fragments  of  polyzoa  mixed  with  smaller  quantities  of 
foraminiferal  and  ostracod  shells.  The  inorganic  constituents  consist 
of  angular  or  rounded  polished  grains  of  quartz  and  dark  green  rounded 
grains  of  glauconite.  In  the  upper  beds  the  glauconite  is  partially 
decomposed  and  discoloured.  A  variable  percentage  of  material  of  the 
silt  and  clay  grades  is  also  present.  Small  phosphatic  nodules,  flint 
pebbles,  and  a  few  unbroken  shells  and  polyzoa  (in  the  upper  part  of 
”  zone  ”  e)  form  the  minor  constituents  of  these  deposits. 

The  state  of  preservation  of  the  organic  remains  found  in  the  Sutton 
Coralline  Crag  is  worthy  of  note.  The  remains  of  the  molluscs  and 
polyzoa,  which  make  up  the  bulk  of  the  organic  constituents,  are 
almost  invariably  in  the  form  of  small  broken  and  much  worn 
fragments.  Occasional  complete  skeletons  of  polyzoa  and  single  valves 
of  lamellibranchs  are  to  be  found,  but  these  always  show  traces  of 
extensive  abrasion.  Exceptions  to  this  rule  have  been  reported  by 
Prestwich  (1871,  p.  119)  from  the  upper  part  of  “zone”  e,  where 
undamaged  specimens  of  polyzoa  in  the  position  of  growth  have  been 
found.  Their  number,  however,  when  compared  with  that  of  the 
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damaged  specimens,  is  relatively  insignificant.  In  contrast  to  the  con¬ 
dition  of  the  moUuscan  and  polyzoan  remains,  the  shells  of  the  fora- 
minifera  and  ostracods  are  found  to  be  in  their  original  condition. 
Although  a  few  broken  fragments  are  found  and  other  complete  tests 
show  signs  of  abrasion,  the  overwhelming  majority  are  perfect  in  every 
detail. 

According  to  Harmer  (1898,  p.  344)  the  Coralline  Crag  was  accumu¬ 
lated  in  the  form  of  a  series  of  submarine  banks  of  drifted  shells  and 
shell  fragments,  under  conditions  similar  to  those  existing  to-day  on  the 
Turbot  Bank,  in  the  Irish  Sea.  The  frequent  occurrence  of  current 
bedding  in  the  sands,  their  rapid  lateral  variation,  the  broken  condition 
of  most  of  the  molluscan  and  polyzoan  remains,  and  the  general  shape 
and  alignment  of  the  Crag  outcrops,  all  lend  strong  support  to  this 
theory. 

In  view  of  the  exceedingly  fine  state  of  preservation  of  the  majority 
of  the  foraminiferal  shells  found  in  the  Coralline  Crag  it  appears  to 
have  been  generally  assumed  that  the  foraminifera  lived  and  died  on 
the  current-swept  submarine  banks  in  approximately  the  same  localities 
as  those  in  which  they  are  now  found  fossilized.  The  results  of  the 
present  work,  however,  would  indicate  that  in  the  case  of  the  Sutton 
assemblages  at  least,  such  an  assumption  is  entirely  unwarranted. 

III.  Provenance  of  Materials  and  Methods  of  Investigation 

The  materials  examined  were  obtained  from  an  exposure  on  the 
Sutton  inlier,  between  Prestwich’s  pit  F  and  the  cottages  near  the  top 
of  the  hill,  one-third  of  a  mile  S.  of  Pettistree  Hall  (Prestwich,  1871, 
p.  119,  and  pi.  vi).  The  exposure,  which  had  been  filled  in,  was 
re-exposed,  and  a  manual  core-auger  was  sunk  into  the  undisturbed 
crag  at  the  base  of  the  cleared  cliff  face.  By  this  means,  samples  covering 
a  stratigraphical  thickness  of  some  18  ft.  6  in.  were  obtained.  This 
includes  the  base  of  “  zone  ”  g,  the  whole  of  “  zone  ”  f,  and  the  upper 
part  of  “  zone  ”  e,  in  descending  order.  Each  sample  represents  a 
stratigraphical  thickness  of  6  inches.  The  sampling  was  continuous 
throughout  the  whole  thickness  of  the  section. 

Sixty  grammes  (dry  weight)  of  each  sample  were  boiled  with  sodium 
carbonate  and  washed  through  a  nest  of  sieves  of  30-,  60-,  90-,  120-, 
and  200-mesh.  The  residues  were  dried,  resieved,  weighed,  and  the 
percentages  of  the  various  fractions  in  each  of  the  samples  were 
calculated.  Known  weights  of  each  fraction  in  each  sample  were  taken, 
and  of  these  the  whole  of  the  >  30  and  60-30  fractions  have  been 
relieved  of  their  foraminiferal  contents.  The  total  numbers  of  fora¬ 
miniferal  shells  in  each  of  these  known  weights  of  material  have  been 
counted,  and  from  the  data  the  total  numbers  of  shells  in  the  >  30  and 
60-30  fractions  of  20  grammes  of  each  of  the  original  unwashed  samples 
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have  been  calculated.  It  must  be  pointed  out  here  that  none  of  these 
resultant  values  are  comparable  with  the  “  Foraminiferal  Numbers  ” 
of  Schott  (1935)  or  Said  (1950,  p.  15).  The  Coralline  Crag  totals  include 
damaged  as  well  as  perfect  shells,  and  apply  to  one  and  not  the  sum  of 
the  various  grain-size  fractions  in  the  original  sample. 

The  statistical  results  have  been  tabulated  in  graphical  form  (see 
Text-figs.  1-4). 

IV.  Statistical  Results  and  Deductions 

When  the  graphs  (Text-figs.  1,  2  and  3)  are  examined  it  immediately 
becomes  apparent  that  a  definite  relationship  exists  between  the  percen¬ 
tage  of  material  of  >  30  or  60-30  grain-size  in  the  sample  and  the  total 
number  of  foraminiferal  tests  in  these  respective  fractions.  The  curve 
showing  the  total  numbers  is,  with  a  few  modifications,  a  reflection  of 
that  showing  the  percentage  of  the  relevant  grain-size  fraction  in  the 
sample.  In  other  words,  the  foraminiferal  shells  are  behaving  as  an 
integral  part  of  the  sediment,  showing  that  the  assemblages  as  a  whole 
are  largely  composed  of  current-drifted  forms.  This  conclusion  is 
borne  out  by  the  fact  that  in  the  case  of  Textularia  sagittula  Defrance 
(Text-fig.  2,  no.  3),  the  species  which  most  commonly  shows  evidence 
of  abrasion,  the  correspondence  between  the  graphs  for  the  abundance 
of  60-30  fraction  individuals  of  that  species  and  that  of  the  percentage 
of  the  60-30  grain-size  fraction  in  the  sample  is  remarkably  close. 

It  is  evident  that  in  the  case  of  Planorbulina  mediterranensis  d'Orbigny 
and  Cibicides  lobatulus  (Walker  and  Jacob)  the  graphs  showing  the 
total  number  of  forms  (Text-fig.  3,  nos.  6  and  7)  do  not  agree  with 
those  showing  the  percentage  of  the  appropriate  grain-size  fraction  in 
the  sample.  The  60-30  total  number  graph  for  the  former  species  rises 
to  two  peaks,  one  in  sample  22,  the  other  in  sample  32.  The  maximum 
abundances  of  this  form  occur  in  samples  18-24  and  30-33,  and 
throughout  the  whole  of  “  zone  ”  E  it  shows  a  greater  relative  abun¬ 
dance  than  it  would  had  it  been  a  current-drifted  form.  It  is  significant 
that  samples  18-24  are  precisely  those  in  which  the  percentages  of  the 
>  30  and  60-30  fractions  are  at  their  lowest  values,  and  the  strongest 
indications  of  deposition  in  relatively  quiet  water  are  shown.  The 
fact  that  unbroken  specimens  of  delicate  polyzoa  in  the  position  of 
growth  are  occasionally  found  in  this  part  of  the  section  lends  some 
support  to  the  assumption  that  conditions  were  favourable  to  the 
accumulation  of  the  remains  of  benthonic  organisms  at  or  near  the 
place  in  which  these  creatures  originally  lived.  Whether  the  same  is 
true  in  the  case  of  samples  30-33  is  impossible  to  ascertain,  since  these 
materials  were  obtained  from  auger-cores  and  consequently  the 
original  attitudes  of  the  polyzoa  in  the  deposits  were  disturbed. 

It  will  be  noticed  that  a  very  similar  abundance  distribution  to  that 
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of  P.  mediterranensis  d’Orbigny  is  shown  by  C.  lobatulus  (Walker  and 
Jacob).  This  latter  species  is  similarly  relatively  more  abundant  in 
“  zone  ”  E  than  “  zone  ”  F.  It  is  also  the  most  abundant  in  sample  32, 
and  very  abundant  in  samples  30,  31,  and  33.  Further,  a  comparable 
subsidiary  peak  also  occurs  on  the  abundance  graph,  and  in  almost  the 
same  position  as  that  for  P.  mediterranensis.  It  therefore  seems  likely 
that  the  abundances  of  these  two  forms  are  controlled  to  a  large  extent 
by  the  same  ecological  factors.  In  this  respect  it  is  interesting  to  note 
that  a  few  of  the  shells  of  C.  lobatulus  show  evidence  of  an  “  attachment 
distortion  ”  of  the  type  produced  when  a  foraminiferal  shell  grows 
round  some  cylindrical  object.  Since  these  objects  of  attachment  are 
not  to  be  found  in  the  cavities  produced  and  were  presumably 
perishable,  and  since  P.  mediterranensis  sometimes  shows  a  predilection 
for  attachment  to  the  fronds  of  certain  seaweeds,  it  is  tentatively 
suggested  that  the  presence  or  absence  of  such  algal  growth  might 
constitute  the  missing  ecological  factor. 

The  changes  in  depositional  conditions  during  the  accumulation  of 
the  sands  were  apparently  small.  As  has  already  been  demonstrated, 
the  variations  in  the  proportions  of  the  various  grain-size  fractions  are 
due  to  slight  alterations  in  the  local  topography  and  their  effects  on 
the  carrying  power  of  the  currents  at  the  time  of  deposition.  There  does 
not  seem  to  be  any  evidence  to  favour  an  assumption  that  fundamental 
changes  in  the  distribution  of  the  currents  occurred  during  this  period. 
Even  the  sudden  change  in  lithology  at  the  E-F  zonal  boundary  cannot 
be  ascribed  to  such  a  cause.  There  appears  to  be  no  significant  difference 
between  the  inorganic  constituents  in  the  two  zones,  nor  in  the  fora- 
miniferal  assemblages  in  the  >  30  and  60-30  fractions,  except  in  so  far 
as  they  are  altered  by  the  change  in  percentages  of  these  grain-size 
categories.  The  same  also  seems  to  be  valid  for  the  90-60  fraction,  but 
this  is  not  conclusive  since  this  stage  of  the  work  is  not  yet  complete. 
With  regard  to  the  polyzoan  remains  there  appears  to  be  little  difference 
between  the  assemblages.  Neither  is  there  any  sudden  change  in  the 
abundance  of  the  foraminiferal  tests  relative  to  the  amounts  of  drifted 
sediment,  in  so  far  as  the  >  30  and  60-30  fractions  are  concerned. 
The  changes  in  the  distribution  and  velocity  of  the  currents  bringing  in 
the  sediments  to  the  area  of  deposition  are  deduced  from  the  graphs 
to  be  more  or  less  uniform  throughout  the  section.  Certain  species 
increase  in  abundance,  others  decrease,  but  there  is  no  marked  altera¬ 
tion  in  numbers  at  the  “  zonal  ”  boundary.  This  is  well  brought  out  in 
Text-fig.  4,  nos.  3-5,  where  the  total  number  of  each  of  the  common 
current-drifted  species  in  1  gramme  of  the  60-30  fraction  is  plotted 
throughout  the  section.  A  similar  graph  for  one  of  the  indigenous 
forms  (P.  mediterranensis)  is  included  for  comparison  (no.  2).  However 
on  the  average  (see  Text-fig.  4,  no.  1)  there  is  a  slight  fall  in  the  total 
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number  of  foraminiferal  shells  in  a  fixed  weight  of  the  60-30  fraction 
from  the  bottom  of  the  section  to  the  top.  The  relationship  at  the  zonal 
boundary  is  obscured  by  the  influx  of  indigenous  forms. 

Considering  the  >  30  and  60-30  fractions  individually,  the 
percentage  of  foraminifera  by  weight  is  quite  low.  In  the  >  30  fraction 
its  value  is  about  I2i  per  cent.  In  the  60-30  fraction  it  is  somewhat 
higher  (about  13  per  cent)  but  this  is  insufficient  materially  to  affect  the 
contours  of  the  graphs.  In  cases  where  the  foraminifera  constitute  the 
bulk  of  the  materials  examined,  the  percentage  graph  would  have  to 
be  corrected  to  eliminate  the  dominating  influence  on  its  contours  of 
the  variation  in  numbers  of  foraminiferal  shells.  If  such  a  correction 
is  not  made  variations  in  the  numbers  of  foraminiferal  shells  present 
would  automatically  cause  similar  variations  to  appear  in  the  percentage 
graphs.  A  similarity  to  the  graphs  for  the  Coralline  Crag  of  Sutton 
would  be  inferred,  and  entirely  erroneous  interpretations  of  the 
depositional  conditions  would  follow. 

V.  Summary  and  Conclusions 

In  each  of  the  two  grain-size  fractions  dealt  with  the  abundance  of 
foraminiferal  tests  as  a  whole  is  cortrolled  dominantly  by  the  per¬ 
centage  of  the  appropriate  grain-size  fraction  in  the  original  unwashed 
sample.  The  foraminiferal  shells  appear  to  constitute  an  integral  part 
of  the  sediment,  and  it  is  therefore  thought  that  the  foraminiferal 
assemblages  must  consist  dominantly  of  current-drifted  forms.  On  the 
other  hand,  when  the  abundances  of  individuals  within  the  various 
species  are  considered,  it  has  been  found  that  in  a  few  cases  (cf.  Cibicides 
lobatulus  (Walker  and  Jacob),  Text-fig.  3,  no.  7,  and  Planorbulina 
mediterranensis  d'Orbigny,  Text-fig.  3,  no.  6)  these  are  not  controlled  by 
the  mechanical  constitution  of  the  enclosing  sediment.  These  species 
are  thought  to  represent  indigenous  forms  which  lived  at  or  very  near 
to  the  locality  at  which  they  are  now  found  buried.  It  is  deduced  that 
the  abundance  of  these  species  is  controlled  by  the  distribution  of  the 
broad-fronded  algae,  to  which  they  were  probably  attached,  rather 
than  the  conditions  of  deposition  at  the  place  of  their  entombment. 

The  sudden  change  in  lithology  at  the  E-F  “  zonal  ”  boundary  is 
not  reflected  in  an  alteration  in  the  constitution  of  the  foraminiferal 
assemblages,  except  in  so  far  as  it  is  produced  by  the  change  in  grain- 
size  percentages.  Neither  is  there  a  change  in  the  ratio  of  foraminiferal 
tests  to  sediment  in  the  grain-size  fractions  so  far  examined.  It  is 
therefore  unlikely  that  the  variation  in  lithology  across  the  “  zonal  ” 
boundary  is  due  to  a  current  change  of  any  great  importance.  It  seems 
more  probable  that  it  is  due  merely  to  a  sudden  alteration  in  the  local 
conditions  of  deposition,  and  is  not  of  any  great  stratigraphical 
significance. 
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Notes  on  the  Geology  of  the  Northern  Part  of  the 
Ruwenzori  Mountains^ 

By  R.  J.  Johnson  and  R.  B.  McConnell 


Abstract 

A  description  is  given  of  the  geology  of  the  northern  portion 
of  the  Ruwenzori  Mountains.  The  rocks  consist  chiefly  of  a 
migmatitic  series  of  biotite-gneiss  passing  to  plagioclase-amphibolitc : 
uncomformably  overlying  these  are  rare  occurrences  of  a  slightly 
metamorphosed  series  of  conglomc  ates,  grits,  quartzites,  and 
talc-schists.  The  area  is  bounded  by  rift  faults  which  strike  N.N.E.- 
S.S.W.  and  the  strike  of  the  gneiss  series  is  in  general  parallel  to 
that  direction  with  a  steep  westerly  dip.  Major  rift  faults  arc 
described  and  evidence  given  to  show  that  they  are  rejuvenations 
of  Pre-Cambrian  fault  lines.  Dcxtral  tear-fault  movement  is 
implied  with  superimposed  vertical  component.  Evidence  indicates 
that  faulting  took  place  under  compressional  stress  in  Pre-Cambrian 
times,  but  that  tension  supervened  at  the  later  stages  under  light 
load.  A  steeply  dipping  faulting  system  striking  W.N.W.-E.S.E.  is 
also  present,  and  has  resulted  in  the  southern  blocks  rising  relative 
to  the  northern  :  in  this  system  also,  early  compressional  stress 
has  been  superseded  by  tension. 

VERY  little  detailed  work  has  been  done  on  the  geology  of  the 
Ruwenzori  Mountains,  and  although  the  general  nature  of  the 
rocks  has  been  described,  their  structural  relationships  have  remained 
a  mystery.  In  1895  J.  W.  Gregory  and  G.  F.  Scott  Elliot  showed 
that  Ruwenzori  was  not  of  volcanic  origin,  but  consisted  of  schist, 
gneiss,  and  granite.  A.  Roccati  (1909),  the  geologist  who  accompanied 
the  Duke  of  the  Abruzzi  on  his  expedition  in  1906,  made  a  geological 
map  of  the  central  peaks  and  described  different  rock  types  in  some 
detail :  he  considered  that  the  mountains  were  an  uplifted  block. 

E.  J.  Wayland  (1923,  1927),  then  Director  of  this  Department, 
wrote  several  reports  on  Ruwenzori ;  he  found  fragments  of  chal- 
copyrite  in  the  Nyamwamba  River  below  the  site  on  which  the  Kilembe 
copper  deposits  were  afterwards  discovered,  and  he  describes  crushed 
conglomerates,  grits,  and  phyllites,  outcropping  on  the  Bwamba  Pass, 
which  he  thought  were  of  Karagwe-Ankole  age.  A.  D.  Combe  (1943) 
published  a  valuable  preliminary  description  of  the  perimeter  of  the 
southern  portion  of  the  range  and  much  information  is  included 
in  notes  on  the  result  of  three  months’  work  in  1924  on  the  northern 
ridge.  R.  C.  Pargeter  (1949)  has  written  on  the  structure  of  the  northern 
nose  of  Ruwenzori,  and  certain  of  the  reports  on  Kilembe  Mine 
made  by  consulting  and  company  geologists  touch  general  aspects 
of  the  geology. 

’  Published  by  permission  of  the  Director,  Geological  Survey  of  Uganda. 
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The  Belgian  Scientitic  Mission  to  Ruwenzori  in  1932  was  accom¬ 
panied  by  two  geologists  and  produced  an  excellent  geological  map 
of  the  Congo  slope  of  the  range  (De  Grunne,  1937).  A  Mount  Stanley 
Series  consisting  of  amphibolites,  homblende-gabbro,  and  sedimentary 
rocks  was  believed  to  be  intruded  by  a  granite  which  forms  the  Speke- 
Emin-Lamia-Tungula  massif ;  this  complex  was  overridden  in  Pre- 
Cambrian  times  by  the  Nappe  de  la  Butahu,  consisting  chiefly  of  mica- 


Notes  on  the  Geology  of  the  Ruwenzori  Mountains 


251 


schists  and  quartzites.  The  western  border  of  the  mountain  is  described 
as  being  formed  by  a  series  of  banded  biotite  gneisses.  Little  is  said 
about  the  later  structural  history  of  Ruwenzori,  but  it  is  assumed  to  be 
an  upthrust  block. 

In  July,  1950,  in  view  of  the  development  work  proceeding  at 
Kilembe  Mine  and  the  project  for  building  a  railway  westwards  from 
Kampala,  it  was  decided  to  begin  mapping  the  geology  and  structure 
of  the  Ruwenzori  Mountains,  and  R.  J.  Johnson  was  entrusted  with 
the  field  work.  Up  to  the  end  of  this  year  mapping  has  been  confined 
to  the  northern  ridge  and  it  is  now  possible  to  describe  some  of  the 
preliminary  results. 

The  axis  of  the  Ruwenzori  Mountains  runs  about  N.  30°  E.,  and 
they  are  shaped  rather  like  a  frying-pan  with  the  “  pan-handle  ” 
to  the  north-north-east ;  they  are  75  miles  in  length  and  the  greatest 
width  is  30  miles.  The  northern  ridge,  the  “  pan-handle  ”,  is  25  miles 
in  length  and  9  miles  wide  in  the  south,  becoming  narrower  to  the 
north  :  it  slopes  gradually  from  south  to  north,  descending  from 
Nangerika  (12,651  feet)  to  Karangora  (9,883  feet),  due  west  of  Fort 
Portal,  and  then  to  Dwalina  (5,809  feet),  whence  a  steep  slope  falls 
to  the  Sempaya  Gorge,  north  of  which  the  mountain  scarcely  rises 
above  4,000  feet  in  altitude. 

The  general  geological  constitution  of  northern  Ruwenzori  is  now 
fairly  well  known  from  the  work  of  A.  D.  Combe  and  R.  J.  Johnson. 
The  eastern  slope  is  formed  by  a  series  of  banded  biotite-hornblende- 
gneisses,  more  or  less  amphibolitic,  with  bands  of  plagioclase  amphi¬ 
bolite.  These  rocks  have  been  called  the  Wasa  Gneiss  Series  :  their 
general  strike  is  N.  20°  E.,  parallel  to  the  northern  ridge,  and  they  dip 
steeply  to  the  west.  Towards  the  crest  of  the  ridge  plagioclase-amphi- 
bolites  are  the  dominant  rock  and  pass  into  the  gneisses.  On  the 
northern  nose  of  the  mountain  the  Wasa  gneisses  are  followed  to  the 
west  by  a  very  foliated  biotite  gneiss  which  is  commonly  garnetiferous 
and  is  cut  by  many  tourmaline-bearing  pegmatites.  These  rocks  are 
well  seen  in  cuttings  where  the  Fort  Portal-Bwamba  road  passes 
through  the  Sempaya  Gorge  ;  the  general  strike  is  N.  10°-30°  E., 
with  a  steep  westerly  dip,  but  there  is  much  contortion  and  shearing  : 
two  well-marked  lineations  were  noted.  It  is  probable  that  this  series 
is  closely  related  to  the  Wasa  gneisses,  although  there  may  be  tectonic 
complications.  All  these  gneisses  form  a  migmatitic  series. 

The  west  slope  of  the  northern  half  of  Ruwenzori,  from  the  Lamia 
River  northwards,  is  formed  by  an  alternating  succession  of  banded 
biotite  gneiss,  biotite  granite,  and  plagioclase  amphibolite.  This  is 
thought  to  be  a  migmatite  series  in  which  the  granite  is  in  sheets  or 
lenses  (Combe,  1925),  and  is  probably  synorogenic  being  formed  during 
the  migmatization.  The  sheets  of  granite  swell  to  the  south,  so  that 
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immediately  north  of  the  Lamia  River  the  slopes  of  the  mountain  are 
also  entirely  formed  of  biotite  granite.  No  significant  mineralization 
has  been  found  in  the  vicinity  of  these  granites  :  this  deficiency  is 
thought  to  be  due  to  the  fact  that  the  granites  are  synorogenic  and  not 
of  normal  batholithic  type.  The  amphibolites  are  formed  in  bodies  of 
variable  size  and  conform  in  orientation  with  the  gneisses.  The  strikes 
in  the  northern  area  are  N.  10°-30°  E.  and  the  dips  steep  easterly  ; 
towards  the  Lamia  River  the  strikes  swing  to  N.E.-S.W.  and  strikes  of 
N.  70°  E.  are  not  uncommon. 

Dolerite  dykes  of  different  ages  cut  all  the  gneiss  series.  All  of 
these  dykes  appear  to  be  metamorphosed  to  some  extent  and  many 
are  altered  to  amphibolites  ;  they  are  probably,  therefore,  of  Pre- 
Cambrian  age,  but  nothing  more  precise  can  be  said.  Combe  finds 
their  dominant  direction  to  be  N.  45°-70°  E. 

A  slightly  metamorphosed  series  of  conglomerates,  grits,  quartzites, 
and  talc-schists  has  been  found  on  top  of  the  northern  ridge  in  the 
neighbourhood  of  Karangora  and  the  Bwamba  Pass  and  also  in  the 
Ruimi  valley.  This  has  been  called  the  Bwamba  Pass  Series  ;  it 
generally  displays  low  dips  of  from  10°-20°  to  the  west,  and  is  probably 
unconformable  on  the  underlying  gneisses.  E.  J.  Wayland  observed 
these  rocks  in  1923  and  attributed  them  to  the  Karagwe-Ankolean 
system  :  this  idea  is  accepted  by  A.  D.  Combe  and  the  present  writers. 
Wayland  remarked  on  the  sheared  and  drawn-out  condition  of  the 
conglomerates  at  the  base  and  suggested  that  the  series  had  been 
emplaced  by  a  thrust.  J.  W.  Barnes  (1951)  describes  similar  con¬ 
glomerates  at  the  base  of  the  Karagwe-Ankolean  in  western  Ankole. 
The  shearing  in  both  cases  is  probably  due  to  some  sort  of  decollement. 

The  structure  of  the  Ruwenzori  Mountains  will  only  be  unravelled 
by  the  process  of  careful  geological  mapping,  and  the  present  pro¬ 
gramme  of  work  is  aimed  at  collecting  all  possible  evidence.  Ruwenzori 
rises  from  the  floor  of  the  Western  Rift  Valley  and  its  structure  must 
be  closely  related  to  that  of  rift  valleys  in  general.  The  present  writers 
have  no  wish  to  enter  into  any  controversy  as  to  the  origin  of  the 
African  rift  valleys  ;  it  is  only  by  accumulating  detailed  evidence 
that  the  explanation  of  these  puzzling  features  will  emerge.  The  follow¬ 
ing  paragraphs  describe  the  present  state  of  the  investigation  on  Ruwen¬ 
zori  and  the  interpretations  given  may  well  be  altered  by  future  work. 

North  of  the  Lamia  and  Ruimi  Rivers,  Ruwenzori  is  bounded  on 
either  side  by  faults  following  a  number  of  different  directions  ;  a 
preliminary  idea  of  the  fault  pattern  was  given  by  an  analysis  of  shears 
and  joints  made  on  the  excellent  sections  exposed  along  the  Fort 
Portal — Bwamba  road  which  cuts  through  the  backbone  of  the  moun¬ 
tain.  The  fault  pattern  thus  brought  out  is  of  great  interest  as  it  is 
closely  related  to  the  adjacent  rift  valley,  but  it  must  be  borne  in  mind 
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that  the  faults  may  be  of  very  different  ages.  One  of  the  writers  (R.  B. 
McConnell,  1948)  has  described  evidence  from  Tanganyika  showing 
that  some  of  the  rift  valley  faults  originated  in  Pre-Cambrian  times 
and  have  been  revived  at  various  stages  :  it  is  suggested  that  the  present- 
day  African  rift  valleys  are  rejuvenations  of  earlier  structures.  Similar 
evidence  has  been  found  on  northern  Ruwenzori  and  may  be 
summarized  as  follows  : — 

(1)  Vertical  migmatite  banding  parallel  to  the  present  rift  faults 

is  taken  to  indicate  Pre-Cambrian  orogenic  lines. 

(2)  Flinty-crush  rocks  following  the  same  lines  formed  during 

faulting  under  considerable  load  indicate  movements  probably 

of  Mesozoic  age. 

(3)  The  flinty-crush  rocks  have  themselves  been  broken  by  faulting 

under  very  light  load  in  Tertiary  or  Recent  ages. 

The  notion  that  the  rift  valleys  follow  pre-existing  lines  of  faulting 
has  also  been  developed  by  T.  Hirst  (1928)  and  F.  Dixey  (1946). 

The  outcrops  on  Ruwenzori  are  so  poor,  as  a  rule,  except  in  the 
area  of  the  high  peaks,  that  it  is  difficult  to  work  out  any  structural 
pattern,  and  most  of  the  information  given  below  has  been  observed 
in  the  clear  sections  shown  in  cuttings  on  the  Bwamba  road.  The  main 
directions  of  faulting  and  shearing  are  as  follows  : — 


Strike. 

Dip. 

Probable  Movement. 

N.-S.  . 

Steep  E. 

Normal ;  east  block 
downwards. 

N.  20°  E.  . 

.  Vert.  . 

Dextral  tear  fault  ? 

N.  50°  E.  . 

.  Vert.  . 

Dextral  tear  fault  ? 

N.  80°  E.  . 

Vert.  . 

( Steep  S.W.  1 

N.  block  down. 

N.  60-70°  W. 

.  ( Vert. 

[  Steep  N.E. 

N.  block  down. 

N.  20-40°  W. 

.  Vert.  . 

Dextral  tear  fault  ? 

Jointing  systems  follow  all  the  above  strikes,  but  the  dominant 
directions  appear  to  be  N.  10°-20°  E.,  N.  40°-50°  E.,  N.  20°-40°  W. ; 
the  last  two  forming  a  conjugate  system  symmetrical  about  the  first, 
which  is  itself  a  strike  of  bedding  and  schistosity  commonly  encountered 
in  the  Toro  and  Basement  Systems  of  Uganda.  The  Wasa  Fault 
which  bounds  the  northern  nose  of  Ruwenzori  to  the  east  is  an  excellent 
example  of  the  N.  20°  E.  direction  ;  it  is  well  seen  in  an  outcrop  at 
mile  lOj  from  Fort  Portal  on  the  Bwamba  road.  Here  the  fault  plane  is 
vertical  with  a  crushed  zone  4-5  feet  wide  which  contains  broken 
fragments  of  my  Ionite  :  a  slickensided  surface  shows  distinct  striation 
dipping  14°  NNE.,  thus  indicating  more  or  less  horizontal  displace¬ 
ment.  This  fault  forms  part  of  a  zone  of  shearing  which  has  determined 
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the  Wasa  gorge  ;  it  can  be  traced  southwards  for  some  distance 
by  truncated  spurs  and  may  reach  the  Ruimi  River  ;  at  the  extreme 
northern  end  of  the  mountain  gravimeter  traverses  by  D.  Boyd  failed 
to  locate  its  passage.  This  fault  is  one  of  those  which  are  believed, 
for  the  reasons  given  previously,  to  date  from  the  Pre-Cambrian 
and  to  have  been  revived  at  various  times  up  to  the  Tertiary  or  Recent. 
The  slickensiding  described  probably  belongs  to  one  of  the  latest 
movements. 

A  fault  parallel  to  the  N.  50°  E.  direction  is  seen  at  about  mile  lOJ 
on  the  same  road.  A  dextral  tear-fault  movement  more  or  less  con¬ 
temporaneous  with  the  formation  of  the  ptygmatic  pegmatite  bands 
can  be  deduced  from  the  bending  of  the  foliation  at  the  fault-plane. 
A  gouge  is  also  present  in  this  fault  indicating  revived  movement. 

The  N.  80°  E.  and  S.  60°-70°  E.  faults  indicate  steep  vertical 
displacement.  The  latter  direction  is  parallel  to  the  Sempaya  gorge 
and  on  the  Bwamba  road  near  mile  27  fault-planes  and  joints  dipping 
south  and  indicating  steep  reverse  movement  are  seen.  R.  J.  Johnson 
has  also  found  a  fault  in  the  bottom  of  the  gorge  which  dips  north 
and  shows  normal  movement :  the  fault  gouge  contains  gypsum  and 
traces  of  oil.  It  is  thought  that  these  steeply  dipping  faults  are  caused 
by  the  necessity  for  relief  from  stresses  due  to  differential  uplift  and 
cannot  be  regarded  as  primarily  due  to  either  compression  or  tension. 
However,  the  evidence  indicates  that  compression  reigned  during  the 
early  stages  and  tension  during  the  latest  stages  of  the  movement. 

Great  interest  attaches  to  the  observation  of  the  faults  forming 
the  limit  between  the  Ruwenzori  block  and  the  Semliki  plains  to  the 
west,  which  form  part  of  the  Albert  Rift  Valley.  A  major  fault-plane 
is  beautifully  seen  at  a  waterfall  just  east  of  the  Bwamba  road  at  mile  32. 
The  direction  of  the  fault  undulates,  striking  N.  20°-45°  E.  and  dipping 
60°-65°  N.W.  A  hard  red  mylonite  covers  the  fault  face  and  is  accom¬ 
panied  by  a  breccia  composed  of  fragments  of  Kaiso-Kisegi  beds  of 
Plio-Pleistocene  age  ;  thus  there  is  here  also  an  indication  of  move¬ 
ment  at  different  periods.  This  fault  face  forms  part  of  an  impressive 
alignment  of  truncated  spurs  some  700  feet  high,  directed  about 
N.  40°  E.  and  extending  southwards  from  Sempaya  towards  Bundi- 
bugyo  :  it  therefore  represents  one  of  the  most  important  faults 
determining  the  rift  valley,  and,  neglecting  possible  horizontal  dis¬ 
placement,  can  be  considered  a  steep  normal  fault. 

In  the  Sempaya  gorge,  however,  at  about  mile  28i  to  29  on  the 
Bwamba  road,  can  be  seen  a  number  of  vertical  shears  directed  N.  10°  E. 
to  N.  30°  E.,  and  thus  parallel  with  the  northern  portion  of  the  scarp. 
These  shears  contain  mylonite  or  gouge  and  belong  to  the  rift  valley 
system :  they  are  probably  older  rift  faults  which  have  been  only 
slightly  revived  by  later  movements.  This  movement  pattern  in  which 
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earlier  vertical  faults  are  succeeded  by  steeply  dipping  normal  faults 
is  similar  to  that  described  near  Lake  Tanganyika  (McConnell,  1948, 
1951).  There  are  indications  that  the  earlier  vertical  faults  had  a 
considerable  horizontal  displacement  which  did  not  wholly  disappear 
at  the  later  stages.  The  lessening  of  the  angle  of  the  fault-plane  is 
believed  to  be  due  to  the  fact  that  the  early  faulting,  whether  of  hori¬ 
zontal  or  vertical  displacement,  took  place  at  a  considerable  depth 
under  compressional  stress,  whereas  the  later  faults  formed  near  the 
surface  where  a  variable  amount  of  tensional  strain  existed.  A  similar 
relationship  of  compression  and  tension  exists  in  normal  anticlinal 
folds. 

In  addition  to  the  shearing  and  jointing  systems  an  early  phase  of 
intense  orogenic  stress  is  shown  by  the  presence  of  two  lineations. 
These  are  seen  best  in  the  Sempaya  gorge  between  mile  25i  and  21^ 
from  Fort  Portal  :  here  the  banded  biotite  gneiss  is  highly  foliated 
and  metamorphosed,  and  the  best  lineations  appear  to  be  associated 
with  the  presence  of  large  garnets.  One  of  the  lineations  appears  on 
steeply  dipping  cleavage  planes  striking  N.  20°  E.  and  dips  25°-30° 
S.S.W.  The  other  lineation  occurs  on  cylindrical  surfaces  striking 
N.  80°  E.  and  dipping  25°-40°  W.S.W.  More  work  is  necessary  before 
the  direction  of  movement  indicated  by  these  lineations  can  be 
determined. 

Towards  Bundibugyo  the  rift  valley  scarp  swings  to  a  direction 
of  N.  70°  E.  and  the  mountains  jut  out  into  the  Semliki  plain.  A  marked 
characteristic  of  rift  valley  faults  is  that  they  proceed  in  a  zigzag 
fashion,  different  lines  of  pre-existing  weakness  having  been  successively 
followed  when  the  faulting  was  revived.  In  the  area  of  the  Lamia 
valley  the  direction  N.  70°  E.  is  reflected  in  the  strike  of  the  gneisses 
and  the  foliation  of  the  biotite  granites.  South  of  a  line  joining  the 
lower  Lamia  and  Ruimi  valleys  the  Ruwenzori  Mountains  become 
wider,  and  it  is  probable  that  the  structure  also  becomes  more  com¬ 
plicated.  Geological  exploration  of  the  main  portion  of  the  massif 
is  now  proceeding  and  should  lead  to  results  of  great  interest. 
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Sedimentary  Differentiation  as  a  Factor  in  the 
Moine-Torridonian  Correlation 

By  W.  Q,  Kennedy 
Abstract 

The  chemical  differences  which  exist  between  the  Moine  and 
Torridonian  rocks  of  the  Scottish  Highlands  are  of  the  same  nature 
and  order  of  magnitude  as  those  between  extreme  end  members  of 
the  Norwegian  Sparagmite  Formation.  It  is  concluded  that  in 
Scotland,  as  in  Norway,  a  unilateral  trend  of  sedimentary  differentia¬ 
tion  operated  from  north-west  to  south-east  across  the  direction 
of  the  Caledonian  geosyncline  and  led  to  chemical  grading  of  the 
arenaceous  sediments  transverse  to  the  trend  of  the  late  Pre- 
Cambrian  depositional  basin. 

Introduction 

ONE  of  the  major  problems  of  the  Scottish  Caledonides  concerns 
the  age  and  stratigraphical  relationships  of  the  Moine  Schists 
which  occupy  the  major  portion  of  the  mountain  chain  within  the 
Northern  and  Central  Highlands.  These  rocks  comprise  a  thick 
series  of  regionally  metamorphosed  predominantly  arenaceous  sedi¬ 
ments  (mainly  feldspathic  sandstones  and  arkoses  now  represented 
by  quartz-feldspar  granulites)  ind  must,  in  their  original  condition, 
have  been  remarkably  similar  both  in  lithology  and  general  character 
to  the  unaltered  Torridonian  rocks  at  present  exposed  within  the 
“  foreland  ”  areas.  Many  geologists  have  consequently  accepted 
Peach’s  correlation  (Peach  and  Home,  1930,  p.  199),  and  regard 
the  Moine  Schists  as  a  metamorphosed  facies  of  the  Torridonian 
formation.  Despite  the  convincing  body  of  evidence  which  can  be 
adduced  in  support  of  this  view,  however  (see  Peach  and  Home, 
1930,  p.  199  ;  Phemister,  1948,  p.  34),  certain  difficulties  still  remain. 
In  particular  it  is  significant  that  the  siliceous  granulites  of  the  Moine 
Series  appear  to  differ  consistently  in  composition  from  the  Torridonian 
arkoses  to  which  they  should  presumably  correspond.  This  was 
pointed  out  many  years  ago  by  Clough  (1910,  p.  46),  who  analysed 
and  compared  a  typical  Moine  granulite  and  a  typical  Torridonian 
arkose  from  adjacent  localities  in  the  Glenelg  district  (on  opposite 
sides  of  the  Moine  Thmst  Plane).  These  analyses  are  quoted  in  Table  1 
below,  together  with  certain  other  analyses  for  comparison. 

The  chemical  differences  are  obvious  and  are  such  that,  whereas 
the  Torridonian  arkose  possesses  the  composition  of  an  igneous 
rock  (granitic),  the  Moine  granulite  represents  a  tme  arenaceous 
sediment  characterized  by  higher  silica,  lower  alumina,  and  a  very 
different  ratio  of  soda  to  potash.  The  rocks  in  question  are  thoroughly 
representative  of  the  formations  to  which  they  belong  and  there  is 
consequently  little  doubt  that  the  fundamental  chemical  distinction 
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applies  to  the  Moine  granulites  and  the  Torridonian  arkoses  in  general. 
This  is  in  fact  apparent  not  only  from  the  few  additional  analyses 
available  (see  Table  1),  but  from  a  regional  study  of  thin  sections. 
It  remains  to  consider,  therefore,  whether  the  chemical  differences 
are  of  such  a  character  as  to  preclude  correlation  of  the  two  formations 
or  whether  they  can  be  reconciled  on  some  satisfactory  grounds. 


Table  1 


A 

B 

A(l) 

A  (2) 

A  (3) 

B(l) 

SiO,  . 

73-56 

82-20 

75-13 

75-80 

75-80 

82-79 

A1,0,  . 

13-62 

9-16 

11-81 

11-74 

10-61 

6-90 

FCjOs 

2-30 

1-80 

0-83 

0-59 

1-05 

1-41 

FeO  . 

— 

— 

1-99 

1-31 

1-59 

0-64 

MgO  . 

tr 

tr 

0-91 

0-54 

0-73 

0-44 

CaO  . 

1-04 

0-80 

1-10 

1-41 

2-57 

1-44 

Na,0  . 

3-98 

1-75 

2-55 

2-40 

2-42 

1-75 

K,0 

4-24 

3-04 

2-97 

4-51 

2-59 

3-63 

H,0  + 

— 

— 

1-37 

0-86 

0-97 

0-45 

H,0  - 

— 

— 

0-12 

0-03 

0-01 

0-06 

TiO,  . 

— 

— 

0-51 

0-15 

0-60 

0-42 

PjOs  . 

— 

— 

0-14 

0-60 

0-16 

0-06 

MnO  . 

— 

— 

0-05 

005 

0-06 

0-17 

CO,  . 

— 

— 

0-70 

tr 

0-83 

— 

Loss  on  Ig. 

1-08 

0-84 

— 

— 

— 

— 

Rest 

— 

— 

— 

— 

— 

0-15 

Total  . 

99-82 

100-14 

100-18 

99-99 

99-99 

100-31 

A.  Arkose,  Torridonian,  near  Bemera,  Glenelg,  Inverness-shire.  One-inch 

Sheet  71,  Scot.,  Analyst,  J.  J.  H.  Teall.  Quoted  from  “  The  Geology 
of  Glenelg”,  etc.,  Mem.  Geol.  Survey,  1910,  p.  59. 

B.  Siliceous  flagstone  (granulite),  Moine  Series,  near  Bernera,  Glenelg, 

Inverness-shire.  One-inch  Sheet  71,  Scot.,  Analyst,  J.  J.  H.  Teall, 
op.  cit.,  1910,  p.  54. 

A  (1)  Arkose,  Torridonian  (Beinn  na  Seamraig  Grit),  N.  shore  of  Loch 
na  Dal,  Skye.  Analyst,  M.  H.  Kerr  (new  analysis). 

A  (2)  Arkose,  Torridonian  (Beinn  na  Seamraig  Grit),  potassic  type,  Kinloch, 
Skye.  Analyst,  M.  H.  Kerr  (new  analysis). 

A  (3)  Arkose,  Torridonian  (Kinloch  Beds),  Head  of  Loch  na  Dal,  Skye. 
Analyst,  M.  H.  Kerr  (new  analysis). 

B  (1)  Quartz-granulite,  Moine  Series,  Glen  Cassley,  Sutherland.  One-inch 
Sheet  102,  Scot.  Analyst,  E.  G.  Radley,  Quoted  from  “  The 
Geology  of  Strath  Oykell  and  Lower  Loch  Shin  ”,  Mem.  Geol. 
Survey,  1926,  p.  134. 

In  the  latter  event  two  possibilities  suggest  themselves  ; — 

1.  The  differences  may  not  be  original  but  may  have  arisen  as 

result  of  the  processes  of  metamorphism  to  which  the  Moine 
sediments  have  been  subjected.  This  is  considered  to  be 
improbable  in  view  of  the  nature  of  the  changes  involved. 

2.  The  differences  may,  on  the  other  hand,  be  original  and  due 

to  deposition  of  the  Moine  and  Torridonian  sediments  in 
widely-separated  parts  of  the  same  depositional  basin.  This 
possibility  has  been  envisaged  by  Clough,  who  pointed  out 
(Clough,  1910,  p.  46)  that,  although  “  the  great  bulk  of  the 


Moine-Torridonian  Correlation 


259 


siliceous  Moine  rocks  seem  more  siliceous  than  the  grits  of  the 
common  Diabaig  (Torridonian)  type  ...  the  Moine  rocks 
have  all  been  pushed  forward  (on  the  Moine  Thrust  Plane) 
from  areas  further  east  than  the  recognizable  Torridonian 
have,  and  it  is  possible  that  the  Torridonian  rocks  deposited 
in  these  eastern  areas  may  originally  have  differed  consider¬ 
ably  from  those  further  west  Phemister  (1948,  p.  35)  also 
subscribes  to  this  view  which  is  certainly  consistent  with  the 
proximal  (undifferentiated)  character  of  the  Torridonian  as 
compared  with  the  more  weathered  and  sorted  material  of 
the  Moine. 

For  further  elucidation  on  this  point,  however,  we  must  turn  to 
the  Norwegian  sector  of  the  Caledonides  and  consider  the  results 
obtained  by  Vogt  in  the  Sulitelma  area  and  by  Barth  in  his  study 
of  Sparagmite  rocks  from  Southern  Norway. 

Evidence  of  Sedimentary  Differentiation  in  the  Norwegian 
Sector  of  the  Caledonian  Geosyncline 
1 .  T.  Vogt  on  the  Sulitelma  Area 

In  his  well-known  memoir  on  the  Sulitelma  area,  T.  Vogt  (1927, 
p.  486)  has  discussed  the  significance  of  a  marked  change  in  the  chemical 
composition  of  the  pelitic  Silurian  sediments  which  takes  place  from 
north-west  to  south-east  across  the  direction  of  the  Caledonian  geo¬ 
syncline.  Throughout  the  eastern  part  of  the  northern  Scandinavian 
mountain  range,  in  the  Stavanger  field,  and  probably  also  in  Central 
Norway,  the  rocks  have  the  composition  of  normal  clay  sediments 
whereas,  in  the  western  regions  they  are  distinguished  by  a  low  content 
of  alumina,  a  high  content  of  magnesia,  and  (for  sediments  of  this 
character),  a  high  content  of  soda.  These  differences  (see  Analyses, 
Table  2,  below)  serve  to  define,  on  chemical  grounds,  an  eastern  and 
a  western  facies  of  the  pelitic  rocks,  and  are  attributed  by  Vogt  to 
differences  in  the  degree  of  residual  character  resulting  from  different 
conditions  of  weathering,  transport,  and  sorting. 

Applying  these  results  to  the  pelitic  rocks  in  question,  Vogt  con¬ 
cludes  that,  “  the  schists  of  the  mountain  range  in  their  western 
facies  represent  a  relatively  little  weathered  clay  sediment,  while 
the  schists  of  the  eastern  facies  are  much  further  advanced  towards 
the  final  residual  stage.”  His  final  conclusions  regarding  the  entire 
problem  are  summed  up  in  the  following  words  : — 

“  These  facies  differ  from  each  other  in  the  degree  of  weathering 
as  mentioned.  The  western  facies  with  the  material  least 
weathered  consists  of  huge  sedimentary  series,  indeed  the 
term  geosynclinal  sedimentation  may  be  justly  applied  to  this 
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series,  while  the  eastern  (and  southern)  series,  which  is  the 
one  most  weathered,  consists  of  relatively  thin  beds  of  sedi¬ 
ments.  The  writer  draws  the  conclusion  that  this  is  due  to 
variations  in  the  supply  of  material :  a  land  area  of  intensive 
degradation  was  situated  in  N.W.  in  the  present  ocean.  The 
largest  and  least  decomposed  part  of  the  material  was  deposited 
near  the  land,  while  the  smaller  and  more  decomposed  part 
(the  finer  material)  was  carried  further  away.” 


Table  2 


Computed  Normals  of  Composition  for  Pelitic  Silurian  Sediments  of  eastern 
and  western  Facies  in  the  Scandinavian  Caledonian  Chain  (from  Vogt,  1927, 

P.  237) 


Western  Facies.  Eastern  Facies. 


1 


SiO, 

61-37 

AUO, 

16-41 

FcjOj 

2-44 

FeO  . 

5-97 

MgO 

4-55 

CaO 

3-17 

Na*0 

2-47 

K,0 

2-48 

TiO,  . 

0-71 

P*o» . 

0-31 

MnO 

012 

Total 

100  00 

1  (a) 

2 

2  (a) 

— 

62-49 

— 

31-4 

19-57 

43-4 

— 

1-87 

— 

22-5 

5-29 

23-0 

22-1 

2-10 

11-9 

11-0 

1-25 

4-8 

7-8 

1-65 

6-0 

5-2 

4-53 

10-8 

— 

0-90 

— 

— 

0-17 

— 

— 

0-18 

— 

— 

100  00 

— 

In  arriving  at  this  conclusion  Vogt  has  regarded  the  clay  sediments  as 
washed  residual  products  of  weathering,  and  has  assumed,  with  justification, 
that  alumina,  as  the  least  soluble  oxide,  will  tend  to  be  enriched  in  the  most 
distinctly  residual  rocks.  The  tme  enrichment  in  alumina  may,  however, 
be  objured  by  a  change  in  the  amount  of  the  independent  quartz  com¬ 
ponent  present,  with  the  result  that  the  clay  sediments  with  different  residual 
character  may  contain  the  same  amount  of  alumina  and  vice  versa.  In 
order  to  neutralize  this  blurring  effect  of  silica  it  is  necessary  to  recalculate 
the  molecular  proportions  of  the  oxides  to  the  sum  of  100,  excluding  SiOt 
and  TiOt.  When  this  is  done  the  figure  for  A1»0,  gives  a  truer  expression 
of  the  residual  character  of  the  rock  (see  columns  1  (a)  and  2  (a).  Table  2), 
and  can  be  used  as  a  reference  oxide  against  which  the  molecular  percentages 
of  the  other  oxides  can  be  plotted.  In  this  manner  it  is  possible  to  obtain 
a  clear  picture  of  the  chemical  changes  that  correspond  to  the  various  residual 
stages.  The  general  effect  is  that  three  oxides,  MgO,  CaO,  and  NajO  decrease 
gradually  and  regularly  with  increasing  residual  character ;  three  oxides, 
KtO,  SiO«,  and  TiO|  increase  with  increasing  residual  character,  whereas 
the  amount  of  iron  remains  constant  over  a  large  range  of  compositions. 

This  constitutes  a  clear  case  of  sedimentary  differentiation  which 
the  writer  would  define  as  a  progressive  change  in  chemical  composition 
within  a  well-defined  formational  unit,  the  change  being  in  the  direction 
of  increasing  residual  character. 

Vogt’s  work  in  this  field  is  of  very  great  importance  in  relation 
to  the  conception  of  sedimentary  petrology  as  a  branch  of  chemical 
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geology,  and  is  of  specific  interest  in  that  it  establishes  the  existence 
of  a  unilateral  trend  of  sedimentary  differentiation,  from  north¬ 
west  to  south-east,  across  the  direction  of  the  Caledonian  geosyncline. 
The  rocks  involved  in  the  discussion,  however,  comprise  pelitic  sedi¬ 
ments  of  Lower  Palaeozoic  age,  and  consequently  bear  no  very  direct 
relationship  to  the  psammitic  Moine  and  Torridonian  rocks  of  the 
North-West  Highlands.  For  the  purposes  of  more  detailed  comparison, 
therefore,  it  is  necessary  to  turn  to  the  predominantly  arenaceous 
Sparagmite  rocks  of  Southern  Norway. 

2.  T.  Barth  on  the  Sparagmite  Rocks  of  Southern  Norway 

In  a  recent  paper  dealing  with  the  progressive  metamorphism  of 
the  Eocambrian  Sparagmite  rocks  of  Southern  Norway,  T.  Barth 
(1938)  has  provided  petrographical  and  chemical  data  which  have  a 
very  direct  bearing  on  the  problem  under  consideration. 

Petrographically  the  Sparagmite  Formation  is  a  coarse,  quartzose 
sediment  which  in  its  non-metamorphic  facies  consists  almost  exclu¬ 
sively  of  fragments  of  quartz  and  feldspar.  It  thus  closely  resembles 
the  Scottish  Torridonian  and  (original)  Moine  sediments  to  which 
it  may  in  fact  be  equivalent.  The  formation  is  exposed  on  both  sides 
of  the  Trondheim  syncline,  the  central  region  of  Caledonian  folding. 
In  the  extreme  south-east  the  rocks  are  non-metamorphic,  but  undergo 
a  progressive  increase  in  metamorphism  towards  the  north-west  where, 
in  the  Opdal  region  to  the  west  of  the  Lower  Palaeozoic  syncline,  they 
are  represented  by  granulites.^  There  is  no  doubt  regarding  the  identity 
of  the  formation  in  the  different  localities,  and  it  is  significant,  there¬ 
fore,  that  the  rocks  show  a  progressive  change  in  composition  from 
north-west  to  south-east  across  the  direction  of  the  Caledonian  geo¬ 
syncline  (see  analyses  quoted  in  Table  3,  below). 

In  the  north-western  (Opdal)  region,  the  granulitic  sparagmites  have 
the  (granitic)  composition  of  relatively  unweathered  and  unsorted 
arkoses,  whereas,  towards  the  south-east,  the  rocks  become  progres¬ 
sively  more  residual  in  their  chemical  character.  This  is  marked, 
in  the  case  of  such  arenaceous  sediments,  by  a  general  increase  in  silica 
and  by  a  concomitant  decrease  in  alumina  and  in  the  ratio  of  soda 
to  potash.  These  data  are  consistent  with  the  view  that,  as  in  the  case 
of  the  pelitic  Silurian  sediments  discussed  by  Vogt,  the  source  of  the 
Sparagmites  lay  to  the  north-west  and  the  rocks  suffered  a  progressive 
unilateral  sedimentary  differentiation  from  north-west  to  south¬ 
east  across  the  direction  of  the  depositional  basin.  Barth  (1938,  p.  57) 
has  pointed  out  that :  “  Such  regular  chemical  changes  in  the  rock 

^  It  must  be  emphasized,  however,  that  the  maximum  grade  of  meta- 
morphism  attained  is  low,  and  does  not  exceed  that  of  the  early  biotite- 
zone. 
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series  may  correspond  to  original  variations  that  undoubtedly  exist 
in  many  sediments,”  but  has  nevertheless,  with  some  hesitation, 
attributed  the  variation  to  progressive  metasomatism  of  an  originally 
uniform  sediment  having  the  composition  of  the  unaltered  sparagmites 
from  Engerdalen.  The  following  considerations  suggest,  however, 
that  this  view  is  unnecessary  : — 

(fl)  There  is  no  evidence  of  an  original  uniformity  of  composition, 
and  it  is  in  fact  unlikely,  from  our  knowledge  of  the  behaviour 
of  feldspar  during  transport  in  water,  that  any  feldspathic 
arenaceous  sediment  could  maintain  a  uniformity  of  composi¬ 
tion,  transverse  to  the  depositional  basin,  over  a  distance 
of  some  200  kilometres. 

Table  3 

Average  Analyses  of  Sparagmite  Rocks  to  illustrate  Variation  in  Composition 
from  North-  West  (1)  /o  South-East  (3)  across  the  direction  of  the  Caledonian 

Geosyncline 


(Averages  computed  by  Barth  (1938,  p.  64)) 
1  2  3 


SiO, 

76-26 

81-60 

80-89 

AUO, 

11-76 

9-04 

7-57 

FctOj 

3-07 

1-87 

2-90 

FeO  . 

0-42 

0-54 

1-30 

MgO 

0-71 

0-36 

0-04 

Cao  . 

0-10 

0-15 

0-04 

NajO 

2-71 

1-16 

0-63 

K,0 

3-55 

4-13 

4-75 

H,0 

0-94 

0-81 

1-11 

TiO,  . 

0-49 

0-31 

0-40 

P.O5  . 

0-02 

0-02 

— 

MnO 

tr 

tr 

— 

Total 

.  100-03 

99-99  . 

99-63 

1.  Granulitic  Sparagmite,  North-Western  (Opdal)  Region. 

2.  Schistose  Sparagmite  (N.  Fron  and  Atnabru).  This  average  includes 

one  rock  of  decidedly  more  micaceous  (pelitic)  character  and  the 
AlaOj  is  probably  slightly  high. 

3.  Unmetamorphosed  Sparagmite  {South-Eastern  (Engerdalen))  Region. 

(b)  Vogt  has  proved  that  a  progressive  change  in  composition  from 

north-west  to  south-east  characterizes  the  pelitic  Silurian 
sediments  of  the  geosyncline,  and  there  is  consequently  a  strong 
presumption  that  a  similar  condition  may  have  operated  during 
the  deposition  of  the  Sparagmites. 

(c)  The  comparable  rocks  of  the  Scottish  Moine  and  Torridonian 

Series  do  not  show  similar  effects.  On  the  other  hand,  the 
highly  metamorphic  Moine  granulites  have  the  composition 
of  the  least  altered  atid  unaltered  Sparagmites  and  vice  versa. 

Taken  as  a  whole,  therefore,  the  evidence  from  the  Scandinavian 
Caledonides  clearly  indicates  that,  during  the  deposition  of  the  rocks. 
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a  marked  trend  of  sedimentary  differentiation  operated  from  north¬ 
west  to  south-east,  and  led  to  a  progressive  chemical  grading  within 
the  lithological  facies. 

Application  of  the  Results  to  the  Problem  of  the  Moine- 
Torridoman  Correlation 

These  results  have  an  important  bearing  on  the  main  problem 
at  present  under  discussion.  In  the  first  place  it  is  apparent  from  the 
analyses  quoted  for  convenience  in  Table  4,  below,  that  there  is  a 
remarkable  similarity  in  composition  between  the  Norwegian  sparag- 
mites  on  the  one  hand  and  the  Moine  and  Torridonian  rocks  of  the 
Highlands  on  the  other. 

Table  4 


Analyses  for  the  Comparison  of  Moine,  Torridonian,  and  Norwegian 
Sparagmite  Rocks 

(Scottish  rocks  in  italics) 


1 

A 

2 

3 

B 

C 

4 

D 

SiO,  . 

73-56 

76-26 

73-57 

82-20 

83-47 

81-60 

82-79 

80-89 

A1,0,  . 

13-62 

11-76 

11-38 

9-16 

8-17 

9-04 

6-90 

7-57 

2-30 

3-07 

0-82 

1-80 

1-61 

1-87 

1-41 

2-90 

FeO 

— 

0-42 

1-63 

— 

0-81 

0-54 

0-64 

1-30 

MgO  . 

tr 

0-71 

0-72 

tr 

0-03 

0-36 

0-44 

0-04 

CaO 

1-04 

0-10 

1-69 

0-80 

0-10 

0-15 

1-44 

0-04 

Na,0  . 

3-98 

2-71 

2-45 

1-75 

1-12 

116 

1-75 

0-63 

K,0 

4-24 

3-55 

3-35 

3-04 

3-78 

4-12 

3-63 

4-75 

H,0  +  . 

1-06 

0-45 

1-08* 

0-94 

0-84* 

0-70 

0-81 

1-11 

H,0— 

0-05 

0-06 

TiO,  . 

— 

0-49 

0-42 

— 

0-33 

0-31 

0-42 

0-40 

PtO»  . 

— 

0-02 

0-36 

— 

tr 

0-02 

0-06 

— 

MnO  . 

— 

tr 

0-05 

— 

0-03 

tr 

0-17 

— 

Rest 

— 

— 

— 

— 

— 

— 

0-15 

— 

Total 

99-82 

100-03 

— 

99-59 

100-12 

99-99 

100-31 

99-63 

*  Loss  on  ignition. 


1.  Arkose,  Torridonian,  near  Bemera,  Gleneig  (quoted  from  Table  1, 

No.  A,  p.  258). 

A.  Granulitic  Sparagmite,  Opdal.  (Average  analysis  quoted  from  Table  3, 

p.  262.) 

2.  Arkose,  Torridonian,  Skye.  (Average  of  the  three  new  analyses  given 

in  Table  l,p.  258.) 

3.  Siliceous  flagstone  (granulite),  Moine  Series,  near  Bemera,  Gleneig. 

(Quoted  from  Table  1,  No.  B.  p.  258.) 

B.  Schistose  Sparagmite,  N.  Fron.  (Individual  analysis  quoted  from  Barth, 

1938,  Table  l,No.  3,  p.  58.) 

C.  Schistose  Sparagmite.  (Average  of  3,  quoted  from  Barth,  op.  cit.. 

Table  4,  No.  2,  p.  64.) 

4.  Quartz  granulite,  Moine  Series,  Glen  Cassley,  Sutherland.  (Quoted 

from  Table  1,  No.  B  (1),  p.  258  above.) 

D.  Unmetamorphosed  Sparagmite,  Engerdalen.  (Quoted  from  Barth, 

1938,  Table  1,  No.  2,  p.  58.) 
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This  applies  not  only  to  the  general  composition  of  the  rocks  but 
to  the  manner  in  which  the  composition  varies  in  each  country  and 
the  geographical  direction  in  which  the  variation  takes  place.  Thus  : — 

(1)  The  non-metamorphic  Torridonian  arkoses  of  the  Highlands 

are  directly  comparable,  as  regards  composition,  with  the 
granulitic  sparagmites  of  Opdal,  and  a  similar  relationship 
is  seen  to  exist  between  the  highly  metaniorphic  Scottish 
Moine  granulites  and  the  schistose  and  non-metamorphic 
sparagmites  from  N.  Fron  and  Engerdalen. 

(2)  In  both  countries  the  chemically  least  differentiated  types 

lie  towards  the  north-west  (with  respect  to  the  Caledonian 
axis),  and  those  of  more  pronounced  residual  character 
towards  the  south-east. 

(3)  The  compositional  variation  transverse  to  the  direction  of  the 

Caledonian  geosyncline  (i.e.  from  north-west  to  south-east) 
is  of  the  same  nature  and  order  of  magnitude  in  Scotland 
as  in  Norway. 

These  relationships  are  clearly  displayed  by  the  variation  diagram 
of  Text-fig.  1  which  serves  to  indicate  the  close  chemical  parallelism 
between  the  Scottish  Moine  and  Torridonian  rocks  on  the  one  hand 
and  the  Norwegian  Sparagmites  on  the  other.  It  is  apparent,  more¬ 
over,  that  collectively  the  late  Pre-Cambrian  arenaceous  rocks  of 
the  Scottish  and  Norwegian  Caledonides  are  referable  to  common 
chemical  facies  equivalent  to  those  recognized  by  Vogt  for  the  Lower 
Palaeozoic  pelitic  sediments  of  the  Norwegian  Caledonian  chain, 
viz.  (a)  a  Western  Facies^  of  proximal  (undifferentiated)  character, 
comprising  the  Torridonian  arkoses  of  the  Highlands  and  the  granulitic 
Sparagmites  of  Opdal,  and  (6)  an  Eastern  Facies  of  more  pronounced 
residual  nature  to  which  the  Scottish  Moine  granulites  and  the  schistose 
and  non-metamorphic  sparagmites  of  Norway  belong. 

It  is  concluded,  therefore,  that  the  distinctive  chemical  differences 
which  exist  between  the  Moine  and  Torridonian  rocks  of  the  High¬ 
lands  do  not  preclude  correlation  of  these  great  Caledonian  forma¬ 
tions  but,  on  the  contrary,  and  in  comparison  with  the  very  similar 
behaviour  of  the  Norwegian  Sparagmites,  provide  additional  evidence 
of  such  a  relationship. 

As  in  Norway,  so  in  Scotland,  a  unilateral  trend  of  sedimentary 
differentiation  appears  to  have  operated  from  north-west  to  south¬ 
east  during  the  deposition  of  the  Torridonian  and  original  Moine 
sediments  and  led  to  a  chemical  grading  transverse  to  the  direction 
of  the  Caledonian  geosyncline.  In  view  of  the  very  close  relation¬ 
ship  which  exists  between  the  various  rock  types  concerned  it  seems 
highly  probable,  moreover,  that  the  Scottish  Moine  and  Torridonian 
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'*!“  WESTERN  FACIES 


5  h  WESTERN  FACIES 


PER  CENT 
SiOe 

O  TORRIDONIAN  ARKOSE. 

•  MOINE  GRANUUTES. 

A  SFARA6MITES(GRANUUTICj  OPDAL  (NORTH-WESTERN)  REGION. 

X  do  (SCHISTOSE  AND  NON-METAMORPHIC)(SOUTH- 
EASTERN  REGION) 

Text-hg.  1. — Variation  diagrams  for  psammitic  Moine,  Torridonian,  and 
Sparagmite  rocks. 

sediments  should  be  correlated  with  the  arenaceous  Sparagmites  of 
Norway. 

It  remains  finally  to  point  out  that  the  metamorphic  axis  of  the 
Scottish-Norwegian  Caledonian  chain  does  not  coincide  in  direction 
with  the  iso-chemical  lines  in  the  late  Pre-Cambrian  depositional 


Mome-Tonidonian  Correlation 


basin,  but  intersects  them  obliquely.  This  is  illustrated  (see  Text-fig.  2) 
by  the  fact  that  corresponding  chemical  types  in  Scotland  and  in 


SCOTLAND 


NORWAY 


Torridonian 

Arkoses 


Granulitic 

Sparagmites 


^  Schistose  and 
non  -metamorphic 
Sparagmikes 


Moine 

Granulites 


Text-fig.  2. — Relationships  between  chemical  composition  and  metamorphic 
character  in  the  Late  Pre-Cambrian  arenaceous  rocks  of  the  Scottish- 
Norwegian  Caledonides. 

Norway  are  in  opposite  states  as  regards  metamorphism.  The  latter 
problem  is  one  of  considerable  interest  and  undoubtedly  merits  further 
and  more  detailed  investigation. 
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On  the  Significance  of  Metamorphosed  Calcareous 
Concretions  in  Lower  Birrimian  Schists 
of  the  Gold  Goast 


By  C.  E.  B.  CONYBEARE  * 

Abstract 

Nodules  of  “  pseudodiorite  ”,  i.e.  metamorphosed  calcareous 
concretions,  occur  in  the  Lower  Birrimian  (Pre-Cambrian)  quartz- 
biotite  schists  which  are  interpreted  as  having  been  calcareous  muds 
and  silts.  The  probable  metamorphic  history  of  these  nodules  is 
traced. 

Description  and  Occurrence 

Metamorphosed  calcareous  concretions,  having  the  form  of 
“  pseudodiorite  ”  nodules,  occur  along  the  coast  in  the  Lower 
Birrimian  (Pre-Cambrian)  quartz-biotite  schists  which  are  intruded  by 
pegmatite  in  the  vicinity  of  Saltpond.  They  are  similar  in  appearance 
to  “  pseudodiorite  ”  nodules,  occurring  in  the  southern  Appalachians, 
which  have  been  illustrated  by  Stose  and  Stose  (1949,  p.  282)  and 
described  by  Emmons  and  Laney  (1926).  In  general  they  are  oval  in 
section,  although  some  appear  to  have  been  distorted  and  others  to 
to  have  been  “  streaked  out  ”  (Text-fig.  1).  The  cores  of  these  nodules 
have  an  aplitic  texture  and  are  greenish-grey  with  a  pinkish  tinge,  the 
latter  colour  being  due  to  the  dissemination  of  tiny  garnets.  The  outer 
portions  of  the  nodules  also  have  an  aplitic  texture,  but  contain 
numerous  unoriented  crystals,  1-5  mm.  long,  of  very  dark  green 
amphibole.  Superficially,  the  outer  portions  resemble  fine-grained 
diorite.  Between  the  core  and  outer  portion  of  most  nodules  there  is 
a  narrow  band  composed  almost  entirely  of  amphibole. 

These  nodules  are  confined  to  horizons  of  more  quartzose  and  less 
schistose  rock. 

Petrology  of  the  Nodules 

The  cores  of  the  nodules  are  composed  mainly  of  quartz,  plagioclase, 
garnet,  clinozoisite,  and  pale  green  hornblende,  with  some  titanite  and 
apatite,  and  traces  of  zircon,  ilmenite,  and  pyrite.  The  quartz  grains 
are  anhedral  to  subhedral,  0  -2-0 -5  mm.  wide,  and  show  granoblastic 
texture  without  undulose  extinction.  Quartz  comprises  40-50  per  cent 
of  the  cores.  Plagioclase,  approximately  20-25  per  cent,  has  the  com¬ 
position  of  calcic  andesine.  The  grains  are  unaltered,  0- 1-0-2  mm. 
wide,  and  although  tending  to  be  clustered  show  a  granoblastic  inter¬ 
growth  with  quartz.  Garnet,  the  grains  being  mainly  anhedral  and 

^  This  article  is  published  with  the  permission  of  the  Director,  Gold  Coast 
Geological  Survey,  to  which  the  writer  is  seconded  from  the  United  States 
Geological  Survey. 
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0*5-1  *5  mm.  wide,  forms  20-25  per  cent  of  the  cores.  In  the  rock  the 
garnet  is  rose  or  mauvish-pink ;  in  tHin  section  it  is  colourless  and 
nearly  isotropic.  Crushed  fragments  are  anisotropic  and  have  a 


14 -  0  5l»»-  - >.| 


•  ■■«  7.*‘.  -  •  V.'-.  •;  •.■:•  *' 


Text-rg.  1. — Shapes  of  “  pseudodiorite  ”  nodules.  Density  of  stippling 
represents  hornblende  content. 


refractive  index  less  than  1  *78.  On  the  basis  of  anisotropism,  refractive 
index,  and  occurrence  the  garnet  is  considered  to  be  grossularite.  The 
grains  have  a  poikilitic  appearance  due  to  the  inclusion  of  numerous 
grains  of  quartz,  plagioclase,  pale  green  hornblende,  and  clinozoisite, 
about  which  the  garnets  have  grown  as  metacrysts.  The  growth  of 


( 
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these  garnet  metacrysts  has  apparently  taken  place  by  the  development 
along  grain  boundaries  of  amoeboid  intercalations  (Text-fig.  2). 
Clinozoisite  constitutes  10- IS  per  cent  of  the  cores  and  is  present  as 
anhedral  grains,  O  S-1  *0  mm.,  and  as  subhedral  and  euhedral  grains, 
0-1-0-Smm.  wide.  The  grains  are  intergrown  with  other  minerals 
and  show  the  characteristic  abnormal  blue  interference  colour.  The 


Text-ho.  2. — Portion  of  a  garnet  metacryst,  showing  amoeboid  intercalations 
of  garnet  (stippled)  along  the  bound^es  between  quartz  grains. 


content  of  pale  green  hornblende  constitutes  about  S  per  cent  of  the 
cores.  The  grains  range  up  to  2  mm.  in  length  and  have  the  following 
pleochroism :  X,  pale  yellowish-green  ;  Y,  pale  emerald  green ; 
Z,  pale  greenish-blue.  Titanite  forms  less  than  3  per  cent  of  the  cores 
and  is  present  as  rounded,  irregular  grains  and  clusters  of  grains 
0-1-0 -5  mm.  wide.  Apatite,  which  is  less  abundant  than  titanite, 
appears  as  rounded  grains,  0  -05-0-2  mm.  wide,  embedded  in  grains 
of  plagioclase  and  quartz. 

The  outer  portions  of  the  nodules  are  composed  of  quartz,  plagio¬ 
clase,  pale  green  hornblende,  biotite,  clinozoisite,  and  garnet,  with  some 
ilmenite  and  traces  of  zircon,  apatite,  and  titanite.  Quartz  and  plagio¬ 
clase  are  still  the  predominant  minerals,  constituting  30-40  per  cent 
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and  25-30  per  cent  respectively.  The  content  of  pale  green  hornblende 
increases  to  10-15  per  cent,  and  biotite  appears  in  the  amount  of 
5-10  per  cent.  The  contents  of  grossularite  and  clinozoisite  show 
notable  decreases  to  approximately  5  per  cent  each.  Zircon  is  more 
abundant  than  in  the  core  and  appears  as  numerous  minute  grains 
included  in  biotite  and  hornblende  and  surrounded  by  intense  pleochroic 
haloes.  Hornblende  shows  replacement  by  quartz,  the  grains  appearing 
to  be  full  of  holes.  Replacement  has  resulted  in  the  inclusion  within 


Text-fig.  3. — “  Islands  ”  of  hornblende  (stippled)  having  a  common  angle  of 
extinction  and  being  remnants  of  a  hornblende  crystal  largely 
replaced  by  granoblastic  quartz. 

quartz  grains  of  rounded  “  islands  ”  of  hornblende  having  the  same 
angle  of  extinction  as  the  near-by  remnant  of  the  parent  grain 
(Text-fig.  3).  Biotite  is  presumed  to  have  formed  later  than  the  horn¬ 
blende  as  it  is  present  in  abundance  where  only  “  islands  ”  of  horn¬ 
blende  remain.  It  shows  distinct  pleochroism,  as  follows  :  X,  very 
pale  brown,  almost  colourless  ;  Y,  reddish-brown  ;  Z,  reddish-brown. 

Petrology  of  the  Schists 

The  quartz-biotite  schists  contain  in  places  a  small  amount  of  pale 
green  hornblende  showing  replacement  by  quartz,  and  traces  of  zircon 
and  apatite.  Bands  rich  in  staurolite  and  garnet,  the  former 
predominant  but  present  also  with  the  latter,  apparently  represent 
original  beds.  The  staurolite  also  shows  replacement  by  quartz,  but 
not  nearly  to  the  same  extent  as  hornblende.  Biotite  has  not  been 
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replaced  by  quartz  and  gives  no  evidence  of  having  developed  through 
the  alteration  of  hornblende. 

An  interesting  feature  of  the  schist  is  the  evidence  for  mimetic 
crystallization.  The  quartz  has  a  granoblastic  texture  and  undulose 
extinction  is  lacking,  although  the  biotite  flakes  show  a  well-defined 
preferred  orientation.  The  evidence  indicates  that  the  present  texture, 
and  probably  also  the  mineralogical  composition,  of  the  schists  are 
post-tectonic.  The  fact  that  hornblende  is  present  in  small  amounts 
showing  replacement  by  granoblastic  quartz  suggests  that  it  was  present 
in  greater  quantity  prior  to  the  deformation  attending  and  following  the 
intrusion  of  pegmatite. 

Tectonics  and  Metamorphism 

The  rocks  in  the  Saltpond  area  have  been  steeply  to  isoclinally 
folded  and  intruded  by  bodies  of  pegmatite  and  aplite.  Where  the 
pegmatite  has  been  injected  as  layers  more  or  less  parallel  to  the 
schistosity,  it  in  places  now  shows  remarkably  well  developed  boudinage 
structure,  indicative  of  intense  post-intrusive  deformation.  Quartz  veins 
and  stringers,  probably  genetically  related  to  the  pegmatite,  which  in 
places  is  very  rich  in  quartz,  show  ptygmatic  structures.  Such  structures 
have  been  variously  interpreted,  and  in  this  area  the  writer  believes 
that  they  have  been  produced  by  folding.  Other  explanations  would 
involve  the  assumptions  that  quartz  filled  corrugated  fractures,  or  was 
injected  along  planes  of  schistosity  in  crumpled  schist.  The  former  view 
is  considered  unlikely  because,  as  pointed  out  by  Turner  (1948,  p.  316), 
a  necessary  condition  for  the  development  of  such  fractures  is  a  strong 
resistance  to  plane  Assuring,  a  condition  generally  absent  in  schists. 
The  latter  view  is  also  discarded  because  some  of  the  ptygmatic 
structures  cut  sharply  across  the  schistosity,  a  relationship  that  could 
have  been  brought  about  by  non-affine  slip  occurring  along  planes  of 
schistosity  during  folding. 

The  metamorphism  that  has  accompanied  the  deformation  of  these 
rocks  appears  to  be  attributable  to  two  distinct  periods,  one  pari  passu 
with  the  intrusion  of  pegmatite,  and  the  other  post-intrusive.  The 
high  content  of  quartz  in  the  schists  and  the  presence  of  meta¬ 
morphosed  calcareous  concretions  indicate  ’lat  the  original  rocks 
were  sedimentary,  and  calcareous  rather  than  tuffaceous.  They  may 
have  developed  into  slates  and  phyllites  characteristic  of  the  Lower 
Birrimian  elsewhere.  Subsequently,  during  that  period  of  deformation 
preceding  and  attending  the  pegmatite  intrusion,  the  rocks  were  meta¬ 
morphosed  to  the  amphibolite  facies.  The  metamorphosed  calcareous 
concretions  have  retained  the  typical  mineral  assemblage  (Turner, 
1948,  p.  76)  of  this  facies,  whereas  post-intrusive  and  post-tectonic 
metamorphism,  as  shown  by  mimetic  crystallization,  has  changed  the 
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texture  and  probably  also  the  mineralogical  composition  of  the 
surrounding  schists. 

The  presence  of  staurolite  in  the  schists  indicates  that  metamorphism 
preceding  or  accompanying  intrusion  took  place  with  strong  deforma¬ 
tion  and  high  pressure  and  shearing  stress.  These  rocks  therefore 
belonged  to  the  staurolite-kyanite  subfacies  proposed  by  Turner 
(1948).  The  mineral  assemblage  in  the  metamorphosed  calcareous 
concretions  appears  to  indicate  the  attainment  of  chemical  equilibrium 
during  this  stage  of  metamorphism ;  and  the  apparent  anomalous 
association  of  plagioclase  and  clinozoisite  has  been  explained,  without 
reference  to  any  specific  area,  by  Turner  (1948,  p.  81)  as  follows  : 
“  If  the  amount  of  available  CaO  exceeds  the  maximum  quantity  that 
can  enter  into  plagioclase  of  the  particular  composition  demanded  by 
reigning  physical  conditions,  then  the  excess  CaO  may  go  to  form 
clinozoisite  or  zoisite,  one  of  which  can  then  exist  in  equilibrium  with 
the  plagioclase  in  question.” 

The  occurrence  of  “  pseudodiorite  ”  nodules,  which  have  been  shown 
by  several  writers  to  be  metamorphosed  calcareous  concretions,  is 
therefore  of  significance  in  the  interpretation  of  metamorphic  history, 
particularly  where  the  surrounding  rocks  have  been  changed  by 
subsequent  metamorphism. 
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Three  Foraminiferal  Zones  in  the  Tertiary  of  Australia 

By  M.  F.  Glaessner  (University  of  Adelaide) 


Abstract 

The  paper  draws  attention  to  the  existence  in  the  Tertian  of 
Australia  of  three  distinctive  thou^  not  consecutive  foraminiferal 
zones.  The  lowest  zone,  found  in  Victoria  and  South  Australia,  is  of 
Upper  Eocene  age,  the  upper  zone  is  not  younger  than  Lower 
Miocene  (Burdigalian)  and  the  intermediate  zone  of  Victoriella, 
corresponding  to  strata  usually  referred  to  the  “  Janjukian  ”,  is 
probably  Upper  Oligocene  (Chattian)  to  Aquitanian. 

I.  Zones  and  Stages 

The  long  history  of  exploration  of  the  Tertiary  strata  in  Australia 
is  marked  by  persistent  controversy  about  the  sequence  as  well  as 
the  age  of  strata.  In  the  heat  of  this  controversy  the  need  for  careful 
stratigraphic  observation,  full  description  of  stratigraphic  details,  and 
collecting  from  clearly  described  and  measured  beds  was  often  over¬ 
looked.  Discussion  generally  centred  not  on  sequences  of  sedimentary 
rocks  developed  in  varying  thicknesses  and  facies,  and  characterized 
by  assemblages  of  fossils  differing  according  to  age  and  ecologic  con¬ 
ditions,  but  on  ‘‘  Stages  ”  which  generally  were  nothing  but  convenient 
labels  for  collections  of  fossils  from  certain  well-known  collecting 
grounds.  Some  of  these  were  limited  in  area,  thickness,  and  lithological 
composition  (e.g.  “  Balcombian  ”),  while  others  designated  outcrops 
several  miles  long  exposing  strata  hundreds  of  feet  thick,  representing 
almost  the  entire  Tertiary  system  and  including  major  unconformities 
(e.g.  “  Aldingan  ”).  The  late  F.  A.  Singleton  reviewed  the  history  of 
these  discussions  and  brought  some  order  into  chaos  by  his  monograph 
published  in  1941.  Since  then  much  important  information  on  the  dis¬ 
tribution  of  foraminifera  in  the  Tertiary  of  Australia  was  published  by 
the  late  W.  J.  Parr  and  by  Miss  I.  Crespin,  while  detailed  work  on 
mollusca  by  Singleton  and  Teichert  and  stratigraphic  field-work  by 
G.  Baker  and  others  contributed  much  evidence.  Finlay  published  an 
interesting  investigation  of  long-range  stratigraphic  correlations. 
Recently  W.  R.  Browne,  as  editor  of  David’s  Geology  of  the  Common¬ 
wealth  of  Australia,  gave  a  very  clear  picture  of  what  is  now  known  of 
the  Tertiary  of  Australia. 

New  observations  made  by  Mr.  Parr  and  communicated  to  the 
writer  in  letters  shortly  before  his  untimely  death  have  an  important 
bearing  on  the  zoning  of  the  Australian  Tertiary.  The  following  con¬ 
tribution,  including  Parr’s  discoveries,  is  here  presented  with  the 
object  of  clearing  the  ground  for  future  descriptive  work  on  fora¬ 
minifera  and  other  stratigraphically  important  fossils.  It  provides  a 
tentative  framework  of  zones  of  definite  stratigraphic  position  in  the 
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local  as  well  as  in  the  European  time  scale.  Much  of  the  earlier  work 
on  the  Tertiary  was  actually  concerned  with  faunal  zones,  i.e.  rocks 
characterized  by  certain  assemblages  of  fossils,  rather  than  with  Stages, 
i.e.  major  stratigraphic  units  comprising  rocks  of  different  facies  types 
deposited  during  defined  intervals  of  geological  times.  The  zone 
concept  is  therefore  placed  in  the  foreground,  and  it  is  hoped  to  build 
up  a  more  comprehensive  sequence  of  zones  which  can  later  be 
assembled  into  a  standard  sequence  of  Stages,  either  regional  or 
European,  with  due  consideration  of  the  facies  variation  which  must 
be  expected.  To  some  extent  the  previously  named  “  Stages  ”  lack 
time  values  and  are  actually  Formations,  i.e.  purely  lithological  units. 
Their  names  are  here  used  (in  quotation  marks  where  not  recognized 
as  Stages  in  the  technical  sense)  as  it  is  not  desirable  to  alter  existing 
stratigraphic  nomenclature  without  further  field  and  laboratory  work. 

II.  Three  Distinctive  Foraminiferal  Zones 

(1)  Hantkenina  alabamensis  Zone. — In  1947  Parr  recorded  the  first 
occurrence  of  the  genus  Hantkenina  in  Australia  and  identified  the 
fossil  as  a  subspecies  of  the  Upper  Eocene  H.  alabamensis  Cushman. 
He  found  it  in  samples  from  Brown’s  Creek  and  Hamilton  Creek, 
north-west  of  Cape  Otway,  in  Victoria.  The  accompanying  rich 
foraminiferal  fauna  has  not  yet  been  described. 

In  a  letter  dated  25th  November,  1948,  Parr  wrote  to  the  writer : 
“  I  have  found  Hantkenina  at  Maslin  Bay.  There  is  only  one  specimen 
but  it  is  associated  with  the  other  typical  species  of  the  Brown’s  Creek 
and  Hamilton  Creek  areas,  so  there  is  no  doubt  as  to  the  age.”  Maslin 
Bay  is  about  20  miles  south  of  Adelaide,  South  Australia.  The  writer 
having  examined  the  specimens  of  Hantkenina  and  accompanying 
species  is  in  full  agreement  with  Parr’s  statement.  The  significance  of 
this  new  discovery  lies  in  the  fact  that  the  Hantkenirui-beanng  bed  at 
Maslin  Bay  forms  part  of  a  well-exposed  section  which  is  continuous 
with  that  of  Aldinga  Bay,  immediately  to  the  south. 

This  section  was  measured  and  sampled  in  some  detail  in  1949  by 
Miss  N.  Dolling,  as  part  of  her  work  at  the  University  of  Adelaide. 


The  following  sequence  was  established  : — 

Ft. 

(8)  Polyzoal  sandy  marls  (south  of  Aldinga  Creek)  .  .  97 

(7)  Polyzoal  seuids  and  clays  (north  of  Aldinga  Creek)  .  .  25 

(6)  Red  and  green  clays  and  pebble  beds  ....  6 

(5)  Turritella  clays . 57 

(4)  Turritella  marls . about  30 

(3)  Glauconitic  marls  and  sandy  marls.  .  .  about  10 

(2)  Glauconitic  limestone . 3 

(1)  Polyzoal  glauconitic  sand . up  to  5 
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This  sequence  is  underlain  by  about  160  feet  of  glauconitic  sand  which 
is  generally  unfossiliferous  but  includes  a  few  fossiliferous  lenses.  The 
Hantkenina  was  collected  by  Parr  in  the  basal  part  of  the  glauconitic 
marls  (3).  He  found  that  “  all  the  beds  at  Port  Willunga  and  Maslin 
Bay  were  laid  down  in  much  shallower  water  than  the  Brown’s  Creek 
and  Hamilton  Creek  beds  ...  In  all  of  the  samples  I  have  looked  at 
there  is  an  almost  complete  absence  of  pelagic  forms  and  species  of  the 
Polymorphinidae  are  very  common”  (letter  dated  2nd  November, 
1948).  “  There  are,  however,  some  of  the  Brown’s  Creek  forms, 

including  ‘  Nonion  ’  micrus  .  .  .  The  most  valuable  forms  seem  to  be 
species  of  Uvigerina  and  Angulogerina,  which  are  common  and  very 
like  those  at  Brown’s  Creek  ”  (letter  dated  13th  September,  1948). 

(2)  Victoriella  plecte  Zone. — Omitting  from  the  present  discussion 
the  strata  immediately  overlying  the  Hantkenina  Zone  we  find  a  younger 
horizon  characterized  by  Victoriella  plecte  (Chapman)  which  is  easily 
identifiable  and  has  a  very  restricted  stratigraphic  range.  This  species 
(and  genus)  was  first  described  from  a  bore  at  Torquay,  24  to  25  feet 
below  the  surface,  at  the  type  locality  of  the  “  Janjukian  ”.  It  was  sub¬ 
sequently  found  in  polyzoal  marls  in  several  bores  in  the  Dartmoor 
district  in  Western  Victoria  (Chapman  and  Crespin,  1930),  polyzoal 
limestones  at  Karwarren,  Portland  bore,  Nelson  bore  (390  to  465  feet), 
Knight’s  Dome  No.  1  bore  at  Mount  Gambier,  South  Australia  (above 
80  feet),  and  in  bores  in  Gippsland  (Crespin,  1943).  With  the  exception 
of  the  Mount  Gambier  occurrence  this  fossil  is  at  present  unrecorded 
from  outside  Victoria.  It  is  restricted  to  the  “  Janjukian  ”.  The  only 
record  in  the  literature  possibly  referring  to  this  or  a  similar  species  is 
Carpenteria  conoidea  Rutten  from  the  Aquitanian  limestones  of 
northern  New  Guinea. 

(3)  The  next  higher  zone  is  characterized  by  a  number  of  larger 
foraminifera,  including  Lepidocyclina,  Cycloclypeus,  Operculina, 
Gypsina,  and  the  miliolid  Austrotrillina  howchina  (Schlumberger).  Its 
wide  geographic  range  and  easy  recognition  make  the  latter  species  a 
most  suitable  zone  index  fossil.  It  was  first  described  from  Clifton 
Bank  near  Hamilton,  in  Western  Victoria,  and  subsequently  recorded 
from  Gippsland  (at  Skinner’s,  on  the  Mitchell  River  near  Baimsdale, 
“  Batesfordian  ”),  in  some  of  the  Mallee  bores,  in  the  Dimboola  No.  1 
bore  at  1 1 1  feet,  in  bores  near  Adelaide,  at  Kulpara  on  Yorke  Peninsula 
(coll.  Howchin),  in  the  Nullarbor  limestones  near  Pidinga  (coll.  King), 
and  in  bores  in  the  north-west  basin  of  Western  Australia,  where  it 
occurs  with  Flosculinella.  Outside  Australia  the  species  is  widely  known. 
Records  are  as  follows  : — 
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Lower  Mioceoe  (Burdigalian)  .  Italy,  East  Africa  (Pemba  Island), 

North-west  India  (Upper  Gaj) 

Aquitanian-Burdigalian  .  Java,  Moluccas,  New  Guinea 

Aquitanian  (?)  ....  Greece,  Philippines 

Upper  Oligocene-Burdigalian  .  Borneo 

Middle  Oligocene-Lower  Miocene  .  East  Africa  (Somaliland) 

Oligocene . Iraq,  Iran 

In  Victoria  Austrotrillina  has  been  found  only  in  the  “  Batesfordian  ” 
(or  “  Balcombian  ”).  Outside  Australia  it  is  not  known  above  the 
Lower  Miocene.  Flosculinella  bontangensis,  which  is  associated  with  it 
in  Western  Australia,  likewise  did  not  survive  the  Lower  Miocene  in 
the  East  Indies. 

III.  Sequence  and  Correlation 
(1)  The  Hantkenina  Zone  of  Brown’s  Creek  is  developed  as  a 
glauconitic  clay  with  Notostrea  forming  the  lowest  fossiliferous  bed  of 
a  sequence  of  Tertiary  strata  which  rests,  with  unfossiliferous  iron¬ 
stones  at  its  base,  unconformably  upon  Jurassic  sandstones.  The 
Hantkenina  beds  of  this  area  are  believed  to  be  younger  than  the  fossili¬ 
ferous  Pebble  Point  Beds  (Baker,  1943)  which  overlie  the  Jurassic  on 
the  coast  10  miles  to  the  east.  The  fauna  of  these  beds  could  be  Lower 
Eocene  or  Paleocene.  The  overlying  strata  have  been  divided  into 
named  formations  by  Baker  (1950).  The  Pebble  Point  Beds  comprise 
the  lower  50  feet  of  the  Wangerrip  Formation,  which  contains  in  three 
separate  thin  beds  in  its  upper  part  a  fauna  of  smaller  foraminifera, 
corals,  Turritella,  decapod  Crustacea,  and  fish  remains.  The  fauna 
resembles  that  of  the  Pebble  Point  Beds,  but  the  distinctive  species  of 
these  beds  have  not  been  found.  Pending  further  investigations  the 
upper  part  of  the  Wangerrip  Formation  can  be  assumed  to  represent 
the  Upper  Eocene  in  a  different  and  less  fossiliferous  facies  in  which  no 
Hantkenina  has  yet  been  found.  The  overlying  Latrobe  Formation 
placed  by  Baker  tentatively  in  the  Oligocene  is  largely  covered  by 
Pleistocene.  The  exposed  highest  and  lowest  beds  are  unfossiliferous. 
Some  60  feet  of  strata  above  this  formation  have  been  assigned  to  the 
Janjukian  on  microfaunal  evidence ;  Victoriella  has  not  been 
found  here. 

At  Maslin  Bay  the  Hantkenina  Zone  is  underlain  by  about  60  feet 
of  glauconitic  quartz  sand  which  is  generally  unfossiliferous  but 
contains  bands  and  lenses  with  sponges,  polyzoa,  and  mollusca  which 
have  not  yet  been  identified.  The  top  of  these  sands  is  eroded  to  an 
uneven  surface  with  a  relief  of  a  few  feet.  The  overlying  2-5  feet  of 
polyzoal  glauconitic  sand  contain  ferruginous  pellets  washed  out  of  the 
unfossiliferous  bed  below.  The  polyzoal  glauconitic  sand  grades 
upward  into  marls  and  rubbly  limestones,  and  Hantkenina  was  found 
by  Parr  6  feet  above  its  top. 

The  Croydon  bore  at  Adelaide  could  have  passed  through  the 
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equivalents  of  the  Hantkenina  Zone,  but  no  micropalaeontological 
data  have  been  recorded.  The  basement  was  struck  at  2,262  feet  and 
was  covered  by  500  feet  of  sands  and  clays  from  which  no  fossils  have 
been  recorded.  They  were  followed  by  1 37  feet  of  “  clay  with  hard 
bands  and  shells  ”,  forming  the  basal  member  of  a  sequence  of  970  feet 
of  strata  considered  by  Tate  as  “  Eocene  ”  and  correlated  by  him  with 
his  “  Lower  Aldingan  ”  (Tate,  1898,  thicknesses  from  bore  log 
published  1893). 

(2)  Above  the  Hantkenina  Zone  of  Brown’s  Creek  the  section 
‘‘  appears  to  include  Anglesean  ”  (David  and  Browne,  1950,  p.  524). 
The  type  Anglesean  (Singleton,  1941)  is  described  as  a  poorly  fossili- 
ferous  series  of  carbonaceous  pyritic  sands  and  sandy  clays  with 
Cyclammina.  This  is  not  a  reliable  index  fossil  as  it  occurs  frequently 
in  the  overlying  “  Janjukian  ”.  The  species  of  this  genus  are  not  clearly 
identifiable  owing  to  distortion.  Equivalents  of  the  “  Anglesean  ”  are, 
however,  generally  recognizable  below  the  “  Janjukian  ”  at  its  type 
locality  as  well  as  in  the  Gippsland  and  Western  Victorian  bores 
(Dartmoor  and  Mallee  bores),  and  some,  at  least,  of  these  beds  are 
younger  than  the  Hantkenina  Zone.  The  Turritella-marls  of  the  Maslin 
Bay-Aldinga  Bay  section  are  thus  probably  equivalents  of  the 
Anglesean. 

(3)  Victoriella  appears  in  the  type  area  of  the  “  Janjukian  ”,  where 
it  overlies  the  “  Anglesean  ”  (Singleton,  1941,  pp.  39,  69),  and  is  found 
similarly  in  Western  Victoria  and  Gippsland  (Crespin,  1943),  above 
sandy  strata  correlated  with  the  “  Anglesean  ”.  Some  part  of  the 
Aldinga  Bay  section  can  be  correlated  with  the  “  Janjukian  ”  on  the 
evidence  of  mollusca  (Lingleton,  1941),  but  Victoriella  has  not  been 
found  there  and  further  work  on  the  fauna  of  this  section  is  required. 
Crespin  (1946)  has  correlated  beds  equivalent  to  (7)  and  (8)  of  the 
sequence  listed  above  (p.  275),  with  the  “  Longfordian  substage  ”,  a 
stratigraphic  unit  overlying  the  “  Janjukian  ”  in  Victoria.  The  inclusion 
of  a  sample  (No.  5)  from  near  the  Hantkenina  bed  of  Maslin  Bay  in 
this  correlation  cannot  be  accepted.  The  Turritella  clays  (bed  5)  are 
the  most  likely  “  Janjukian  ”  equivalents  in  the  Aldinga  section,  but 
further  faunal  studies  are  required. 

(4)  Sherbomina,  a  peculiar  large  foraminiferal  genus  originally 
described  from  Table  Cape,  Tasmania,  from  beds  generally  correlated 
with  the  “  Janjukian  ”,  occurs  in  the  “  Longfordian  ”  of  Gippsland 
(Crespin  1943),  in  beds  (7)  and  (8)  of  the  Aldinga  Bay  section  (Crespin 
1946),  and  in  the  deeper  part  of  bore  sections  at  Adelaide  (Crespin, 
unpublished  report  to  the  Mines  Department  of  South  Australia,  1949). 
These  occurrences  may  indicate  the  possibility  of  establishing  a  zone 
intermediate  between  the  Victoriella  and  Austrotrillina  Zones,  but 
further  evidence  has  to  be  awaited.  It  is  noted  that  the  Tasmanian 
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record  is  from  the  lower  part  of  the  beds  which  are  correlated  with  the 
“  Janjukian 

(5)  Austrotrillina  has  not  actually  been  recorded  from  any  single 
sequence  of  strata  above  beds  containing  Victoriella.  There  is,  however, 
no  doubt  about  the  position  of  the  Austrotrillina  Zone  above  the 
“  Janjukian  ”,  as  this  index  fossil  is  regularly  associated  with  the  even 
more  widespread  genera  Lepidocyclina  and  Cycloclypeus  in  the 
‘‘  Batesfordian  ”  of  Gippsland  and  Western  Victoria  (Crespin,  1943, 
1950, 1950a).  The  relation  of  the  Lep/dbc>’c///Mi-bearing‘‘  Batesfordian” 
and  the  “  Balcombian  ”  to  the  ‘‘  Janjukian  ”  was  discussed  in  some 
detail  by  Singleton  (1941).  The  nomenclature  of  these  stages  was  later 
modified  by  Crespin  (1943),  who  prefers  to  make  the  “  Batesfordian  ” 
the  middle  substage  of  the  “  Balcombian  ”,  following  upon  the 
“  Longfordian  ”  substage.  Crespin  found  Austrotrillina  associated 
with  Flosculinella  and  Marginopora  in  the  North-West  Basin,  with 
Marginopora  in  the  Nullarbor  limestones  and  in  the  Dimboola  bore 
and  some  of  the  Mallee  bores  of  Western  Victoria,  and  with  Planor- 
bulinella,  Gypsina,  and  Calcar ina  at  the  top  of  the  Miocene  in  bores 
near  Adelaide.  Another  common  restricted  fossil  of  the  Austrotrillina 
Zone  is  Cycloclypeus  victoriensis,  which  was  found  lately  on  the  River 
Murray,  four  miles  below  Morgan,  in  South  Australia  (Crespin,  1944). 
This  occurrence  supports  the  correlation  of  Tate’s  “  Middle  Murravian 
calciferous  sandstone  with  polyzoa  ”  described  from  this  locality  with 
the  “Batesfordian”  or  “Balcombian”  (see  Singleton,  1941,  p. 43). 
The  common  crab,  Ommatocarcinus  corioensis  (Cresswell),  is  another 
restricted  species  of  this  zone,  linking  Batesford  and  other  localities 
in  this  vicinity  with  Port  Campbell  and  the  Murray  cliffs  at  Morgan. 
It  also  occurs  in  the  nodule  bed  at  Beaumaris. 

(6)  There  are  undoubtedly  Miocene  beds  in  south-eastern  Australia 
which  are  younger  than  the  Austrotrillina  Zone.  No  single  distinctive 
species  of  these  beds  seems  suitable  at  present  for  selection  as  a  zone 
indicator.  These  younger  Miocene  beds  were  described  from  Gippsland 
as  “  Baimsdalian  ”  and  “  Mitchellian  ”,  from  the  Port  Philipp  area  as 
“  Cheltenhamian  ”  (resting  with  a  marked  stratigraphic  break  on 
“  Batesfordian  ”),  while  their  presence  above  “  Balcombian  ”  beds  in 
the  Port  Campbell  area  in  Western  Victoria  was  suspected  by  Baker 
(1944),  and  in  the  Caroline  bore,  in  the  extreme  south-east  of  South 
Australia,  by  Crespin.  In  the  Adelaide  basin  the  upper  part  of  the 
Miocene  is  missing,  and  the  Pliocene  follows  above  an  unconformity 
which  is  clearly  exposed  in  the  coastal  sections  south  of  Adelaide.  The 
occurrence  of  the  whale  Mesoplodon  longirostris  in  the  nodule  bed  at 
Grange  Bum,  near  Hamilton,  in  Western  Victoria,  between  the 
“  Balcombian  ”  and  the  Kalimnan,  indicates  that  some  at  least  of  these 
nodules  were  derived  from  beds  not  older  than  Upper  Miocene. 
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(7)  Equivalents  of  the  youngest  Tertiary  strata  in  Gippsland,  named 
the  Kalimnan  Stage,  were  recognized  also  in  the  Port  Phillip  district, 
the  Mallee  and  Wimmera  bores,  and  in  outcrops  in  the  Hamilton 
district,  in  Western  Victoria,  where  they  overlie  the  “  Balcombian  ” 
equivalents  with  a  stratigraphic  break.  The  “  Upper  Murravian  ” 
oyster  beds  on  the  Murray  River  may  represent  this  stage  (Singleton, 
1941,  p.  20). 

The  stratigraphic  position  of  the  Late  Tertiary  strata  in  South 
Australia  was  the  subject  of  much  discussion  in  recent  years.  They 
include  fossiliferous  sandy  limestones  outcropping  on  the  banks  of  the 
Torrens  River,  in  Adelaide,  and  also  in  coastal  cliffs  from  Hallet’s 
Cove  to  Aldinga  Bay  (‘‘  Upper  Aldingan  ”  of  Tate).  Their  lithology 
and  fauna  strongly  supports  Miss  Crespin’s  view  that  the  richly 
fossiliferous  sands  found  in  bores  near  Adelaide  are  equivalents  of  the 
outcropping  sandy  limestones.  The  name  “  Adelaidean  Stage  ”,  used 
for  the  subsurface  strata  (for  references,  see  Singleton,  1941,  p.  22),  is 
ill-chosen,  as  it  leads  to  confusion  with  the  previously  established 
Adelaide  Series  (later  System)  of  Pre-Cambrian  age.  The  name  Dry 
Creek  Sands  is  here  introduced  for  the  fossiliferous  subsurface  strata 
first  observed  in  the  Dry  Creek  bore  from  320  to  410  feet.  Foraminiferal 
assemblages  resembling  those  from  the  Dry  Creek  Sands  were  found 
in  the  Nullarbor  Plains  area  and  in  north-western  Australia  (Crespin, 
1948,  1950a).  The  selection  of  zonal  index  species  from  this  strati¬ 
graphic  interval  is  deferred  pending  further  detailed  examinations  of 
the  fauna  which  are  now  in  progress. 

(8)  The  youngest  Tertiary  “  Stage  ”  in  Victoria  is  the 
“  Werrikooian  ”,  the  age  of  which  is  considered  as  either  Late 
Pliocene  or  Early  Pleistocene.  No  new  biostratigraphic  data  on  these 
beds  have  become  available  since  the  latest  reviews  by  Singleton  (1941) 
and  David  and  Browne  (1950). 

IV.  The  Place  of  the  Foraminiferal  Zones  in  the  Standard 
Tertiary  Sequence 

The  proposed  zones  are  here  singled  out  for  description  mainly 
because  of  the  value  of  their  distinctive  index  fossils  as  age  indicators. 

(1)  Hantkenina  alabamensis  indicates  Upper  Eocene  age 
(Bronnimann,  1950).  It  is  highly  probable  that  the  genus  Hantkenina 
did  not  survive  the  end  of  the  Eocene.  Other  forms,  such  as  “  Honion  ” 
micrus  Cole  and  Uvigerina  cf.  selseyensis  Heron  Allen  and  Earland 
support  this  age  determination.  As  the  stratigraphic  range  of 
Hantkenina  is  well  established,  and  as  there  is  no  evidence  for  the 
assumption  that  the  critical  fossils  are  derived  from  an  earlier  sediment 
the  basal  beds  at  Brown’s  Creek  and  the  Hantkenina-hcd  at  Maslin  Bay 
must  be  considered  as  Upper  Eocene. 
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(2)  Victoriella  plecte  does  not  give  any  direct  age  indications.  This 
peculiar  form  has  not  been  found  in  any  other  fauna.  Similar  fora- 
minifera  found  in  beds  ranging  from  Upper  Eocene  to  Aquitanian  in 
the  Pacific  and  in  Europe  will  be  examined  in  order  to  ascertain  the 
relationships  of  this  genus.  The  age  of  the  Janjukian  was  considered  by 
Singleton  as  Upper  Oligocene  and  Lower  Miocene.  He  mentioned  the 
discovery  in  this  stage  of  the  brachiopod  Neobouchardia  minima 
(Thomson),  which  was  originally  described  from  the  Oligocene  of  New 
Zealand  (Hutchinsonian  to  Duntroonian).  Finlay  (1947)  drew  attention 
to  the  absence  of  Orbulina  in  the  Janjukian,  and  came  to  the  conclusion 
that  the  Janjukian  was  not  younger  than  Aquitanian.  If  the  Aquitanian 
is  placed  in  the  Oligocene,  a  view  which  seems  to  be  favoured  by  an 
increasing  number  of  writers,  then  both  the  “  Anglesean  ”  and 
“  Janjukian  ”  are  pre-Miocene.  A  possible  correlation  between  some 
part  of  the  “  Lower  Aldingan  ”  and  the  “  Janjukian  ”  was  mentioned 
by  Singleton.  From  the  evidence  of  the  Hantkenina  and  Austrotrillina 
faunas  in  the  Adelaide  basin  this  must  be  correct  for  some  part  of  the 
Aldinga  Bay  section,  most  probably  the  Turritella  clays. 

(3)  Austrotrillina  howchini  supports  and,  in  the  present  writer’s 
opinion,  fully  establishes  the  age  determinations  outlined  above.  This 
fossil  is  widely  distributed  but  has  not  been  found  anywhere  above  the 
Lower  Miocene.  There  seems  to  be  no  reason  at  all  to  assume  a  younger 
age  for  the  beds  containing  it  in  Australia.  These  beds  have  often  been 
placed  in  the  “  Upper  to  Middle  Miocene  ”,  and  consequently  almost 
the  entire  marine  Tertiary  sequence  of  Victoria  and  South  Australia 
was  included  in  the  Miocene  and  Pliocene. 

In  1943  the  writer  divided  the  Miocene  into  Aquitanian — 
Burdigalian  —  Helvetian  +  Tortonian  —  Sarmatian  +  Pontian  and 
attempted  a  correlation  of  these  stages  throughout  the  Indo-Pacific 
region.  He  pointed  out  the  lack  of  agreement  about  the  lower  and 
upper  limits  of  the  Miocene,  and  avoided  the  use  of  the  then  ill-defined 
terms  “  Lower  ”,  ‘‘  Middle  ”,  and  “  Upper  ”  Miocene.  Since  then 
several  publications  dealing  with  stratigraphic  correlation  in  America 
and  elsewhere  have  appeared,  showing  complete  agreement  in  applying 
these  terms  as  follows  : — 

Upper  Miocene  =  (Pontian  =)  Sarmatian 

Middle  Miocene  =  Vindobonian  =  Tortonian  +  Helvetian 

Lower  Miocene  =  Burdigalian  (+  Aquitanian) 

The  question  whether  the  Pontian  and  Aquitanian  should  be  included 
in  the  Miocene  is  still  undecided.  The  significant  point  for  the  present 
discussion  is  the  general  agreement  about  the  top  of  the  Lower  Miocene 
being  the  top  of  the  Burdigalian. 

A  careful  study  of  the  development  of  the  “  letter  classification  ”  in 
the  East  Indies  and  its  practical  application  to  the  Tertiary  of  New 
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Guinea  has  convinced  the  writer  that  it  is  not  a  reliable  basis  for 
regional  stratigraphic  subdivision.  This  problem  will  be  discussed  else¬ 
where.  It  affects  the  present  investigation  insofar  as  the  ranges  of 
Lepidocyclina,  Cycloclypeus,  and  Austrotrillina  have  been  discussed  in 
terms  of  this  ’  classification.  Cycloclypeus  victoriensis  from  the 
Batesfordian  was  placed  in  “  the  equivalent  of  f,  stage  [which]  probably 
correlates  with  the  upper  portion  of  the  Burdigalian  of  Europe” 
(Crespin,  1941).  The  Lepidocyclinae  of  Victoria  were  referred  to 
“  basal  fs  stage  ”  and  considered  as  “  higher  than  Aquitanian  . .  . 
probably  to  be  placed  near  the  boundary  between  Burdigalian  and 
Vindobonian”  (Crespin,  1943a).  The  post- Aquitanian  age  of  this 
fauna  is  based  on  the  absence  of  Eulepidina  and  Spiroclypeus  and  on  the 
morphological  features  of  the  Victorian  Lepidocyclina  and  Cycloclypeus. 
It  receives  strong  support  from  the  reported  occurrences  of  the 
Burdigalian  Flosculinella  bontangensis  in  equivalents  of  this  fauna  in 
Australia.  The  absence  of  ‘‘  true  nephrolepidine  Lepidocyclina  ”  in 
south-eastern  Australia  does  not  indicate  post-Burdigalian  age  as  the 
subgenus  Trybliolepidina,  which  is  alone  represented,  ranges  in  the  East 
Indies  from  Aquitanian  to  Vindobonian.  The  fact  that  the  Victorian 
fauna  is  much  poorer  than  the  East  Indian  fauna  does  not  in  itself 
suggest  correlation  with  the  similarly  impoverished  Late  Vindobonian 
Lepidocyclina  faunas  of  the  East  Indies. 

The  age  determination  of  the  distinctive  foraminiferal  zones 
also  clarifies  the  position  of  certain  non-marine  rock  series.  If  the 
Aquitanian  is  placed  in  the  Oligocene,  then  the  “  Older  basalts  ”  of 
Victoria  are  all  Oligocene.  The  basal  lignitic  sands  of  the  Murray 
basin  are  also  Oligocene,  but  the  change  to  marine  conditions  did  not 
necessarily  occur  everywhere  at  the  same  time.  Chapman  has  correlated 
the  beds  overlying  the  Moorlands  coal  in  South  Australia  with  some 
part  of  the  Turritella  beds  of  Aldinga  (“  Janjukian  ”),  but  in  some  of 
the  Mallee  bores  the  Lower  Miocene  (“  Batesfordian  ”)  appears  to 
rest  on  lignitic  sands.  The  glauconitic,  mostly  unfossiliferous,  sands  of 
Maslin  Bay  are  older  than  at  least  part  of  the  Upper  Eocene.  The 
question  of  the  age  of  the  Noarlunga  lignites  and  of  various  other 
unfossiliferous  sands  in  the  Adelaide  area  requires  further  study,  in 
the  light  of  the  new  data. 
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An  Unusual  Pyroxene-rich  Xenolith  in  the  Diorite 
of  the  Glenelg-Ratagain  Igneous  Complex 
By  G.  D.  Nicholls 
(PLATE  XII) 

Abstract 

A  xenolith  composed  essentially  of  ^een  pyroxene,  microperthitic 
potash  felspar,  sphene,  apatite,  and  iron  ore,  has  been  discovered 
in  the  diorite  of  the  Glenelg-Ratagain  igneous  complex.  It  is  believed 
to  be  an  impregnated  skam  rock  associated  with  igneous  activity 
earlier  than  the  intrusion  of  the  diorite.  Introduction  of  P,  Ti,  and 
Na  is  considered  to  be  important  in  the  formation  of  the  skam. 

I.  Introduction 

The  Glenelg-Ratagain  igneous  complex,  one  of  the  “  Newer 
Granite  ”  intrusions  of  the  Northern  Highlands  of  Scotland,  is  a 
composite  mass  containing  early  granite,  diorites,  syenites,  and  later 
granites  (Clough,  1910,  pp.  84-6  ;  Nicholls,  1951).  The  diorites  of  the 
southern  part  are  in  places  markedly  xenolithic.  Some  of  the  xenoliths 
are  of  igneous  origin,  others  are  of  acid  gneiss  that  surrounds  this  part 
of  the  complex,  and  a  few  are  of  more  obscure  derivation.  Among  the 
latter  is  a  xenolith  of  a  rather  unusual  pyroxene-bearing  rock,  the 
subject  of  the  present  communication. 

II.  Field  Evidence 

The  xenolith  is  exposed  in  both  banks  of  the  Glenmore  River  approxi¬ 
mately  600  yards,  north-north-east  of  Suardalan  (57°  1 T  49' N., 
5°  30'  19'  W.).  It  forms  outcrops  10  to  12  yards  across  and  some 
30  feet  high  in  the  walls  of  the  gorge.  Most  of  it  is  a  dark-green 
medium-grained  rock  composed  of  pyroxene,  sphene,  apatite, 
magnetite,  and  felspar.  This  variety  is  veined  and  penetrated  by  a 
subordinate  amount  of  syenitic  material.  Although  relatively  enriched 
in  felspar  and  magnetite,  the  syenite  is  very  variable  with  irregular 
patches,  wisps  and  lenticles  richer  in  dark  minerals,  and  occasionally 
exhibits  a  rudimentary  flow  structure.  Small  pegmatitic  patches  of 
pink  felspar,  pyrites,  magnetite,  and  minor  chalcopyrite  also  occur, 
usually  completely  enclosed  by  the  normal  dark-green  variety. 

At  the  southern  contact  against  the  diorite  the  pyroxene-rich  rock 
is  teased  out  over  a  distance  of  a  foot  or  so,  tiny  inclusions  often  less 
than  half  an  inch  across  being  enclosed  in  the  igneous  rock.  The  northern 
contact  is  not  well  exposed.  Where  it  is  seen  the  marginal  pyroxenic 
rock  is  of  the  syenitic  variety  with  the  content  of  dark  minerals  falling 
almost  to  zero  in  places.  The  rock  adjacent  to  this  modification  is  a 
biotite-pyroxenite.  Locally  the  contact  seems  to  trend  N.N.E.,  in 
contrast  to  the  general  E.-W.  direction  of  the  southern  margin. 
Fractures  trending  N.  75°  E.  cut  both  the  xenolith  and  diorite,  and 
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have  been  the  site  of  hydrothermal  alteration  and  injection  of  quartz- 
calcite  veins.  The  xenolith  is  veined  by  diorite  in  exposures  on  the 
eastern  bank  of  the  river. 

Rocks  of  this  type  may  have  been  more  widespread  originally  than 
they  are  now.  A  diorite  from  farther  up  the  Glenmore  River  shows 
signs  of  contamination  with  comparable  material,  the  pyroxene  being 
partially  converted  to  a  deep  green  amphibole  (p  1'697  ±  0  002, 
y^c  =  35°).  Certain  unusual  syenites  occurring  by  the  side  of  the 
Glenelg-Invershiel  road  are  similarly  interpreted  as  due  to  contamina¬ 
tion  with  a  pyroxene-rich  rock. 

III.  Description  of  the  Normal  Variety 

Under  the  microscope  the  normal  variety  is  seen  to  consist  of 
pyroxene,  sphene,  apatite,  and  iron-ore  set  in  a  poikilitic  base  of 
microperthitic  orthoclase  with  accessory  quartz,  albite,  and  rare 
zircon.  The  dark  mineral  content  varies  slightly  but  is  usually  of  the 
order  of  60-70  per  cent  (Table  A,  cols.  2,  3,  and  4),  with  pyroxene 
always  dominant. 

The  pyroxene  forms  subhedral  prismatic  grains  of  average  diameter 
one  millimetre  and,  less  frequently,  larger  irregular  grains.  Many  of 
the  crystals  show  a  patchy  green  coloration.  The  larger  grains  usually 
possess  paler  cores  sieved  with  small  inclusions  of  sphene,  iron  ore  and, 
much  less  commonly,  biotite.  The  subhedral  grains  are  sometimes  most 
strongly  coloured  marginally,  sometimes  the  colour  is  deepest  at  the 
core,  and  sometimes  the  colouring  shows  no  conformity  to  the  crystal¬ 
lography  (Plate  XII,  Fig.  A).  In  the  green  parts  the  pleochroism  is 

Table  A 

Modal  Analyses  of  Pyroxenic  Xenolith  from  the  Glenmore  River. 


1. 

2. 

3. 

4. 

5. 

6. 

Pyroxene 

69  0 

56-8 

53-2 

48-7 

24-7 

3-2(5) 

Felspar  • 

7-9 

260 

28-9 

36-7 

63*2 

90-6 

Sphene  . 

9-3 

7-4 

8-2 

60 

3-7(5) 

1-4(5) 

Apatite 

7-1 

5*9 

5-1 

4-2 

2-5(5) 

0-5 

Iron  ore 

3-3 

20 

1-6 

1-6 

2-1 

1-6 

Quartz 

3-4 

1-9 

30 

2*8 

3-7 

2-6  traces  of 

biotite 

Dark  min.  content  . 

88-7 

72-1 

68-1 

60-5 

33-1 

6-8 

Pyroxene/sphene  . 

7-4 

7-7 

6-5 

81 

6-6 

2-2 

P>Toxene/aj)atite  . 

9-7 

9-7 

10-4 

11-6 

9-7 

6-5 

P^oxene/quartz  . 

20-3 

29-9 

17-7 

17-4 

6-7 

1-3 

PjToxene/iron  ore  . 

20-9 

28-4 

33-3 

30-4 

11-8 

2-0 

Felspar/quartz 

2-3 

13-7 

9-6 

13-1 

17-1 

34-8 

1. 

2 

Pyroxenite  variety. 

3! 

4 

r  Normal  variety. 

5'. 

Syenitic  variety. 

6. 

Pegmatitic  variety. 

*  Felspar  includes  microperthitic  potash  felspar,  albite,  and  myrmekite. 


Table  B. — Analysis  of  Pyroxene  from  Glenmore  River  Rock 

No.  of  metal  Analysis  of  pyroxene 


m.  %. 

atoms/60. 

from  Palabora,  Transvaal. 

SiO,  . 

.  50  75 

1-938 

i  1 *007 

SiO,  . 

.  51-94 

A1,0,  . 

1-33 

0-059 

^  1 ’yy  / 

A1,0, 

1-44 

TiO,  . 

0-38 

0-0121 

Calculated  composition  in 

TiO, 

0-20 

FejOa  . 

4-41 

0-128 

terms  of  end  members. 

Fe,0, 

1-98 

FeO  . 

10-69 

0-340 

l  1-035 

Wt.  %. 

FeO  . 

6-10 

MgO  . 

9-53 

0-543 

Diopside  . 

.  51-4 

MgO  . 

.  13-56 

MnO  . 

0-36 

0-012. 

Hedenbergite 

.  37-6 

MnO 

0-17 

BaO  . 

0-005 

Acmite 

6-9 

CaO  . 

.  23-95 

CaO  . 

.  21-82 

0-891 

AljOt,  Fe,0„  etc. 

4-4 

Na,0. 

0-40 

SrO 

0-05 

K,0  . 

0-17 

Na,0  . 

0-94 

0-069 

0-964 

100-3 

H,0  + 

0-32 

K,0  . 

0-03 

P2O,  . 

0-07 

H,0  + 

0-02 

0-004 

SrO  . 

0-01 

H,0  - 

0-03 

— 

100-31 

100-34(5) 

Analyst :  G.  D.  N. 


Analyst :  S.  J.  Shand. 


BaO  and  SrO  in  Glenmore  pyroxene  determined  spectrographically  by  R.  S.  Allen. 
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strong,  following  the  scheme  a  green,  p  green,  y  pronounced  yellow- 
green.  Almost  identical  features  have  been  described  in  the  pyroxene 
of  pyroxene-shonkinites  from  the  Transvaal  (Shand,  1931,  p.  93). 
A  bulk  analysis  of  the  pyroxene  from  the  analysed  rock  (Table  B) 
shows  it  to  be  a  member  of  the  diopside-hedenbergite  series  containing 
a  significant  amount  of  the  acmite  molecule.  An  optical  study  of  the 
pyroxene  shows  the  following  variations  : — 

a  1  •  696  in  the  paler  parts  to  1  •  700  at  the  green  margin )  ,  « 
y  1-722  „  „  „  1-725  „  ,.  „ 

2V(+)60°  „  „  „  77°  „  „  „  ±2° 

y*c  48°  „  „  „  54°  „  „  „ 

These  properties  suggest  that  the  greener  parts  of  the  grains  are  richer 
in  the  acmite  molecule  and  that  the  irregularities  in  colour  distribution 
are  to  be  ascribed  to  variation  in  the  soda  content  of  the  mineral. 

Sphene  occurs  in  subhedral  lozenge  and  drop-shaped  grains  up  to 
half  a  millimetre  across.  It  is  very  pale  clove  brown  in  colour  and 
occasionally  just  slightly  pleochroic  to  a  pale  yellow  brown. 

Apatite  forms  cracked  grains  of  various  sizes,  at  times  showing 
prismatic  tendencies,  but  more  frequently  occurring  in  clusters  of 
anhedral  crystals.  Especially  towards  the  cores  of  the  grains  it  some¬ 
times  shows  a  peculiar  dustiness  and,  more  rarely,  reddish  inclusions 
(possibly  hematite)  are  seen. 

Iron  ore,  steel  grey  by  reflected  light,  and  from  the  chemical  data 
obviously  magnetite,  is  of  very  irregular  distribution,  occurring  as 
interstitial  masses  mantling  the  dark  minerals. 

Microperthitic  orthoclase  forms  poikiiitic  plates  varying  from  one 
millimetre  to  over  a  centimetre  in  diameter.  Usually  it  is  slightly  turbid 
due  to  alteration,  and  may  be  stained  brownish  by  iron.  Completely 
independent  are  small  inclusions  of  hematite.  The  microperthite  is  of 
the  linear  type,  with  no  twinning  in  the  plagioclase  lamellae.  Since 
the  composition  of  the  pyroxene  is  known  and  sphene  and  apatite  may 
be  assumed  to  have  their  theoretical  compositions,  it  is  possible  to 
calculate  from  the  rock  analysis  the  approximate  composition  of  the 
felspar  as  Or5«Abj7An,7.  Quartz  occurs  in  intersitial  grains  often 
enclosing  the  dark  minerals,  and  albite  (AbjsAnj)  also  occurs  in  small 
clear  grains  between  the  larger  plates  of  potash  felspar. 

Chemically  the  rock  shows  an  unusually  high  content  of  lime,  titania, 
and  phosphorus  (analysis.  Table  Q.  The  high  lime  content  results  in 
the  presence  of  normative  wollastonite  even  when  all  the  Ti  is  put  into 
sphene.  Due  to  the  presence  of  hematite  flakes  in  the  felspar,  and  of 
acmite  in  the  pyroxene,  together  with  a  higher  content  of  FeSiO,  in 
that  mineral  than  is  shown  in  the  norm,  normative  magnetite  is  much 
higher  than  the  modal  figure.  Normative  apatite  is  also  in  excess  of  the 
modal  figure,  but  when  its  mode  of  occurrence  in  masses  of  anhedral 
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Table  C. — Pyroxene-Sphene-Apatite-Potash  Felspar  Rock — Glenmore  River 


Norm  with  all  Ti 

Mode 

Wt. 

% 

Norm. 

% 

in  sphene. 

% 

ModeiVol.)  (fVt.) 

% 

SiO,  . 

/O 

49-60 

Quartz 

/O 

.  6-00 

Quartz 

.  3-30 

/O 

Pyroxene  .  53-2  57-4(5) 

Al,0,  • 

5-49 

Orthoclase 

.  14-46 

Orthoclase  . 

.  14-46 

Felspar*  .  28-9  23-4(5) 

TiO,  . 

3-74 

Albite 

.  11-53 

Albite 

.  11-53 

Sphene  .  8-2  8-9(5) 

FcjOs  . 

3-96 

Anorthite 

.  1-67 

Anorthite  . 

.  1-67 

Apatite  .  5-1  5-0(5) 

FeO 

6-52 

Wollastonite  . 

.  12-41 

Wollastonite 

0-35 

Iron  ore  t  •  1’6  2-6 

MnO  . 

Oil 

CaSiO, 

.  18-56 

CaSiO, 

.  25.17 

Quartz  .  3-0  2-5 

MgO  . 

5-46 

Diopside  MgSiO, 

.  13-70 

Diopside  MgSiO, 

.  13-70 

CaO  . 

18-48 

FeSiO, 

.  3-04 

FeSiO, 

.  9-24 

100-0  100-0 

Na,0  . 

1-34 

Ilmenite 

7-14 

Sphene 

9-21 

K,0  . 

2-44 

Apatite  . 

.  5-71 

Apatite 

.  5-71 

*  Predominantly  potash  felspar 

H,0  - 

0-12 

Magnetite 

.  5-80 

Magnetite  . 

.  5-80 

but  includes  minor  albite. 

H,0  + 
CO,  . 

0-09 

nil 

Water 

.  0-21 

Water 

.  0-21 

t  Calculation  suggests  that  the 

p,o,  . 

Total  . 

2-36 

99-87 

Total 

.  100-23 

Total 

.  100-35 

content  of  iron  ore  may  be 
slightly  overestimated. 

Spectrographic  determinations  (Ba  4300  parts  /lO*,  Sr  1700  parts  /lO*)  by  J.  R.  Butler. 
Analyst :  W.  H.  Herdsman. 
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grains  is  taken  into  consideration  it  is  clear  that  it  could  be  easily 
underestimated  modally.  For  this  reason  the  norm  figure  was  taken 
and  the  weight  mode  modified  before  being  used  in  subsequent 
calculations. 


IV.  Description  of  the  Other  Varieties 
(a)  Pyroxenite  Patches. 

Locally  the  content  of  dark  minerals  rises  (Table  A,  col.  1)  and  the 
rock  then  differs  from  the  normal  type  in  the  deeper  green  colour  of  the 
pyroxene  and  the  relative  increase  of  quartz  compared  to  felspar.  The 
quartz  now  forms  poikilitic  grains  enclosing  pyroxene,  sphene,  and 
apatite,  and  may  be  in  optical  continuity  for  a  millimetre  or  more. 
Iron-ore  is  proportionately  more  abundant,  too,  but  has  the  same  habit 
as  before. 

{b)  The  Syenites. 

As  mentioned  earlier,  these  rocks  are  typically  heterogeneous, 
although  thorough  intermingling  of  leucocratic  material  with  material 
richer  in  dark  minerals  may  occur  and  relatively  homogeneous 
examples  finally  result.  A  modal  analysis  (Table  A,  col.  5)  was  made 
on  one  of  these.  In  the  syenites  the  dark  minerals,  while  still  retaining 
their  subhedral  outline,  tend  to  occur  between  the  felspar  grains  rather 
than  being  enclosed  within  them  (Plate  XII,  Fig.  B).  The  pyroxene, 
especially  in  the  dark  mineral-rich  patches,  is  pale  green  and  almost 
non-pleochroic.  The  extinction  angle  (y^c  ca  39°)  varies  slightly  from 
grain  to  grain  as  does  the  optic  axial  angle  (54°  to  60°,  with  57°  being 
the  value  most  frequently  recorded).  These  properties  suggest  that 
this  pyroxene  is  a  member  of  the  diopside-hedenbergite  series  with  no 
significant  content  of  the  acmite  molecule.  In  places  it  is  altered  to  a 
deep  green  amphibole  which  forms  poikilitic  grains.  This  alteration 
to  hornblende  has  been  accompanied  by  the  local  excretion  of  small 
grains  of  yellowish  green  epidote. 

In  contrast  to  its  drop-like  habit  in  the  normal  variety,  the  sphene 
in  these  rocks  mantles  the  pyroxene  and  apatite  in  irregular  grains  of 
appreciable  size,  or  in  grains  with  subhedral  lozenge  outline  (Plate  XII, 
Fig.  B).  It  is  reduced  in  amount,  but  more  deeply  coloured  and  now 
obviously  pleochroic  in  shades  of  yellow-brown.  Iron-ore  is  relatively 
more  abundant  than  in  the  normal  variety  but  retains  the  same  habit. 
Cracked  and  broken  anhedral  grains  of  apatite  also  occur. 

Microperthitic  orthoclase  is  by  far  the  most  abundant  felspar,  but 
albite  and  myrmekite  are  more  frequent  than  in  the  varieties  described^ 
earlier.  The  orthoclase  encloses  thin  flakes  and  needle-like  grains  of 
hematite  and  ilmenite  usually  arranged  in  rows  and  planes  which, 
however,  show  no  consistent  relationship  to  the  crystallographic  planes. 
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The  albite  (Ab,iAns)  is  clear  and  unaltered,  and  occurs  as  small 
anhedra  between  the  larger  microperthitic  grains.  Myrmekite  forms 
small  patches  separating  the  grains  of  potash  felspar,  especially  in  the 
leucocratic  parts  of  the  heterogeneous  syenites.  Quartz  occurs 
interstitially. 

(c)  The  Pegmatitic  Patches. 

Anhedral  grains  of  microperthitic  microcline  varying  in  size  from 
one  to  twenty  millimetres  in  diameter  make  up  the  bulk  of  these  patches. 
The  larger  grains  are,  however,  almost  always  cracked  and  broken,  so 
that  although  in  hand  specimen  they  may  appear  continuous,  they  are 
rarely  so  optically  over  more  than  two  or  three  millimetres.  The 
felspar  carries  the  same  minute  inclusions  of  hematite  and  ilmenite  as 
in  the  other  varieties,  and  in  addition  a  very  fine  opaque  dust  is  some¬ 
times  scattered  through  it.  In  material  of  the  normal  variety 
immediately  surrounding  the  pegmatitic  patches  a  few  of  the  larger 
felspar  grains  show  an  outer  zone  optically  discontinuous  with  the 
core.  In  some  cases  this  may  be  merely  a  strain  effect,  but  in  one,  in 
particular,  inclusions  are  more  abundant  in  the  margin,  microperthitic 
lamellae  are  less  perfectly  developed  there,  and  it  may  be  suggested 
that  a  rim  of  microcline  surrounds  a  core  of  orthoclase-microperthite. 

Quartz  occurs  interstitially  and  frequently  carries  abundant  speck 
and  bubble-like  inclusions.  It  is  much  more  frequent  than  the  clear 
albite,  which  is  present  in  small  grains  between  the  crystals  of  potash 
felspar.  Myrmekite  is  less  frequent  than  in  the  heterogeneous  syenites. 

The  dark  minerals  appear  to  have  been  picked  up  from  the 
surrounding  normal  variety  with  the  exception  of  the  iron-ore  which  is 
relatively  much  more  important,  occurring  in  shapeless  masses  up  to 
two  or  three  millimetres  across  and  mantling  apatite,  pyroxene,  and 
even  potash  felspar.  The  pyroxene,  while  less  deeply  coloured  than 
that  of  the  pyroxenite  and  normal  variety  is,  nevertheless,  still  coloured, 
and  appreciably  more  so  than  the  pyroxene  of  the  patches  in  the 
syenite.  Its  grain  size  is  about  the  same  as  in  the  normal  variety. 
It  shows  only  the  merest  traces  of  alteration  to  the  deep  green  horn¬ 
blende,  but  is  in  places  altered  to  calcite  and  pale  green  amphibole. 
Sphene  may  show  a  subhedral  outline,  especially  when  totally  enclosed 
by  felspar,  but  more  frequently  it  mantles  other  constituents  as  in  the 
syenite.  It  also  rims  the  iron-ore,  when  it  is  usually  almost  colourless. 

Rather  rare  ffakes  of  biotite  (pleochroic  from  pale  brownish  yellow  to 
chocolate  brown)  fringe  the  masses  of  iron-ore  in  these  pegmatitic 
patches.  Apatite  forms  broken  anhedral  grains.  One  grain  of  orthite 
was  noted.  Pyrites  occurs  in  these  patches  as  well  as  the  more  frequent 
magnetite,  and  some  grains  which  are  present  would  seem  to  be 
chalcopyrite. 
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V.  Comparison  with  Other  Areas 

Similar  rock  types  have  been  described  from  the  granite-syenite- 
limestone  complex  of  Palabora,  in  the  eastern  Transvaal  (Shand, 
1931,  especially  pp.  91-6),  where  a  pyroxenite-shonkinite-syenite  zone 
varying  in  width  between  a  hundred  yards  and  two  miles  is  interposed 
between  limestone  and  granite.  The  rocks  differ  from  the  Scottish 
examples  in  the  relative  absence  of  sphene,  the  absence  of  interstitial 
quartz  and  albite,  microcline  instead  of  orthoclase  as  the  usual  potash 
felspar,  and  the  presence  of  massive  apatite  bodies  that  have  no  analogue 
in  the  Glenmore  of  Glenelg.  Despite  these  differences  it  is  clear  that 
both  sets  of  rocks  are  similar,  and  it  appears  likely  that  a  similar 
process  has  operated  in  their  formation.  Shand  attributed  the 
shonkinites  and  pyroxenites  of  Palabora  to  crystal  settling  of  diopside 
and  apatite  crystals  from  a  magma  desilicated  through  assimilation  of 
limestone.  Shortly  afterwards  Du  Toit  expressed  the  view  that  “  the 
pyroxenite-shonkinite  complex  has  more  probably  been  produced  by 
the  direct  action  of  the  acid  magma  upon  a  mass  of  siliceous  dolomitic 
limestones  practically  in  situ  ”  (Du  Toit,  1931,  p.  119).  He  suggested 
that  the  introduced  material  was  aplitic  or  pegmatitic,  and  that  a  con¬ 
dition  of  liquidity  in  the  hybrid  product  was  probably  never  reached. 

Eskola  (1922)  has  described  clinopyroxene  skams  from  Berkshire 
County,  in  Western  Massachusetts,  associated  with  clinopyroxene- 
bearing  gneiss.  The  skams  are  believed  to  result  from  the  pneuma- 
tolytic  alteration  of  limestone,  and  the  gneiss  to  have  obtained  its 
pyroxene  by  subsequent  assimilation  of  the  skams. 

Rocks  similar  to  the  Glenmore  specimens  also  occur  in  restricted 
amount  at  Ben  Bullen,  New  South  Wales,  where  they  are  developed 
at  a  diorite-limestone  contact  (Joplin,  1935,  pp.  106-7).  Miss  Joplin 
considers  them  to  be  contaminated  igneous  rock,  but  they  are  practically 
in  contact  with  rocks  which  she  interprets  as  metasomatized  limestone. 

Pyroxenites  associated  with  some  of  the  Canadian  apatite  deposits 
also  have  features  in  common  with  the  Glenmore  rocks  (Spence,  1920, 
pp.  119-120  and  132). 

VI.  The  Origin  of  the  Glenmore  River  Rock 

The  field  evidence  indicates  very  little  about  the  parentage  of  this 
xenolith,  and  any  discussion  of  the  origin  of  the  mass  must  be  rather 
speculative.  The  composition  of  the  rock,  especially  the  high  lime 
content,  suggests  that  it  may  be  either  (1)  an  igneous  rock  highly 
contaminated  with  material  similar  to  limestone,  or  (2)  a  skam  deposit 
developed  at  a  limestone-igneous  contact.  Whatever  the  tme  inter¬ 
pretation  may  be,  the  xenolith  almost  certainly  had  its  present 
constitution  before  incorporation  in  the  diorite,  for  smaller  fragments 
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enclosed  in  the  latter  rock  have  the  same  mineral  assemblage  as  the 
large  mass. 

The  amount  and  nature  of  the  material  that  would  have  to  be 
assimilated  render  the  contamiiuition  hypothesis  unlikely,  and,  in  the 
absence  of  adequate  supporting  evidence  for  it,  the  skam  hypothesis  is 
preferred. 

The  occurrence  of  pegmatite  and  syenitic  varieties  in  the  xenolith 
and  the  presence  of  a  rudimentary  flow  structure  in  certain  specimens 
of  the  latter  suggests  that  the  rock  has  been  impregnated  with  felspathic 
liquors.  For  the  following  reasons  the  quartz,  felspar,  and  iron-ore 
are  believed  to  have  been  introduced  in  these  liquors  subsequent  to 
the  formation  of  the  pyroxene,  sphene,  and  apatite. 

(1)  The  habit  of  these  three  minerals,  especially  in  the  varieties  rich 
in  dark  minerals,  where  all  three  mantle  or  enclose  the  pyroxene, 
sphene  and  apatite  and  are  therefore  probably  later. 

(2)  The  considerable  variation  met  with  in  the  ratios 
pyroxene/quartz,  felspar/quartz  and  pyroxene /iron-ore.  In  com¬ 
parison  the  ratios  pyroxene/sphene  and  pyroxene/apatite  are 
relatively  constant  (modal  analyses.  Table  A).  Similar  variation  in  the 
ratio  of  introduced  quartz  to  felspar  has  been  noted  in  studies  on  the 
process  of  hybridization  (Deer,  1935,  pp.  54  and  72 ;  Nockolds, 
1935,  p.  297). 

(3)  The  apparent  lack  of  stability  of  both  the  green  pyroxene  and 
sphene  in  the  presence  of  much  fdspathic  material. 

If  such  introduction  of  felspathic  liquor  has,  indeed,  taken  place, 
the  compositions  of  the  introduced  and  pre-existing  material  would 
be  as  given  in  Table  D,  cols.  1  and  2.  The  introduced  liquor  is  less 
siliceous  than  aplites  and  similar  late  magmatic  liquors  ;  its  origin  is 


SiO,  . 

Table  D 

1. 

.  63-5 

2. 

44-3 

AlfOj  . 

.  16-8 

10(5) 

TiO,  . 

.  .  — 

5-2 

Fe,0,  . 

.  5-1(5) 

3-5 

FeO  . 

1-7 

8-5 

MnO  . 

.  .  — 

0-3 

MgO  . 

.  .  — 

7-6 

CaO  . 

1-4 

25-3 

Na,0 

.  2-8(5) 

0-7(5) 

K,0  . 

8-6 

— 

P.O,  . 

.  ,  — 

3-3 

H,0  . 

.  .  — 

0-2 

Total  . 

.  .  100-0 

100-0 

1.  Felspathic  material  introduced  into  the  Glenmore  xenolith. 

2.  Pre-existing  material  before  felspathic  introduction  in  Glenmore 
xenolith. 
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one  of  the  difficulties  of  this  skam  hypothesis.  To  form  the  normal 
variety  of  pyroxene-rich  rock,  28*2  parts  of  it  would  have  to  be 
introduced  into  every  71  *6  parts  of  pre-existing  rock. 

The  syenitic  varieties  are  believed  to  result  from  the  introduction  of 
greater  amounts  of  felspathic  material.  Soda  was  apparently  leached 
from  the  pyroxene  and  concentrated  in  the  late  liquors  so  that  eventually 
myrmekite  was  formed,  and  albite  crystallized  between  the  larger  grains 
of  potash  felspar.  Sphene  appears  to  have  dissolved  and  then  at  a  later 
stage  to  have  crystallized  out  again,  for  even  in  the  dark  mineral-rich 
patches  of  the  heterogeneous  syenites  it  has  a  quite  different  habit  from 
the  sphene  of  the  normal  and  pyroxenite  varieties. 

The  pegmatitic  patches  are  believed  to  represent  pockets  of  felspathic 
liquor  which  crystallized  at  lower  temperatures.  Microcline  occurs 
instead  of  orthoclase  and  the  leaching  action  of  the  liquors  on  the 
green  pyroxene  appears  to  have  been  retarded  so  that  there  is  less  albite 
and  myrmekite  in  these  pockets.  On  the  other  hand,  the  only  occurrence 
of  biotite  in  the  xenolith  (except  for  rare  inclusions  in  the  pyroxene) 
is  in  these  patches.  Hornblende  is  rare  in  the  xenolith,  being  found 
only  in  the  syenitic  varieties.  This  restriction  of  hydroxyl-bearing 
minerals  suggests  that  the  felspathic  liquor  v/as  poor  in  volatiles  and 
only  locally  or  in  the  last  stages  of  consolidation  did  the  content  of 
water  rise  sufficiently  for  hydroxyl  ions  to  enter  into  the  silicate 
structures. 

Despite  its  high  content  of  lime  and  low  alkalis  and  alumina  the 
pre-existing  pyroxenite  (Table  D,  col.  2)  can  hardly  be  equated  to  a 
metamorphosed  impure  limestone — TiO,  and  P*Oj  are  considerably 
higher  than  one  would  expect,  especially  the  former.  If,  however,  as 
seems  likely,  phosphorus,  titanium,  fluorine  (or  chlorine),  sodium, 
and  possibly  iron  have  been  metasomatically  introduced,  it  might  well 
have  originated  from  such  a  rock.  Lewisian  limestones  are  exposed 
north-west  of  the  igneous  complex  (Home,  1910,  pp.  22-5)  and  to 
the  north-north-east  on  the  shores  of  Loch  Duich. 

It  is  not  clear  whether  the  metamorphism  of  the  original  limestone 
to  a  pyroxenite  preceded  metasomatism  or  not,  but  the  presence  of 
paler  cores  to  some  of  the  larger  grains  of  pyroxene  suggests  that 
this  was  so.  Possibly  the  two  processes  overlap  in  part.  Recrysialliza- 
tion  of  the  pyroxene  to  its  present  subhedral  form,  largely  due  to  the 
development  of  prismatic  faces,  seems  to  be  associated  with  the  meta¬ 
somatism. 

Any  further  discussion  must  be  highly  speculative,  but  it  is  of 
interest  to  inquire  into  the  formation  of  this  pyroxenite.  Calculations 
indicate  that  if  all  the  silica  in  this  rock  was  present  in  the  original 
limestone  from  which  it  was  derived,  this  sediment  must  have  carried 
35-40  per  cent  quartz.  Such  a  rock  would  be  much  more  siliceous  than 
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the  least  altered  limestones  to  the  north-north-east  of  the  complex, 
and  it  is  possible  that  some  of  the  silica  for  the  formation  of  the 
pyroxene  was  introduced  from  magmatic  sources.  If  this  is  so,  the  low 
silica  content  of  the  impregnating  felspathic  liquor  may  be  due  to  the 
transfer  of  silica  from  magmatic  fluids  into  the  limestone  before  the 
stage  of  impregnation  was  reached.  The  rocks  of  Sviatoy  Noss,  in 
Transbaikalia  (Eskola,  1921),  provide  a  comparable  example.  At  this 
locality  skams  of  metasomatic  origin  have  been  assimilated  by  a 
syenitic  magma  which  is  believed  to  have  originated  from  a  granite  by 
the  loss  of  siliceous  emanations  during  the  skarn  formation. 

The  interpretation  of  the  xenolith  as  a  skarn  involves  three  main 
stages,  therefore,  viz.  ;  (1)  the  conversion  of  the  original  limestone  to 
a  pyroxenite,  (2)  the  metasomatic  introduction  of  P,  Ti,  Na,  F,  and 
some  Fe  into  this  pyroxenite,  and  (3)  the  impregnation  of  the  pneuma- 
tolytic  rock  with  felspathic  liquors.  All  three  stages  must  have  been 
completed  before  the  incorporation  of  the  xenolith  in  the  diorite,  so 
the  skarn  formation  was  probably  associated  with  some  earlier  igneous 
activity,  possibly  the  intrusion  of  the  earlier  granites  of  the  complex, 
of  which  locally  there  is  no  trace  as  a  result  of  the  intrusion  of  the 
diorite. 

The  author  desires  to  express  his  gratitude  to  Professor  C.  E.  Tilley 
for  help  and  encouragement  during  the  progress  of  the  work,  and  to 
the  Government  Grants  Committee  of  the  Royal  Society  for  a  grant 
which  defrayed  the  cost  of  one  of  the  chemical  analyses  given  in  this 
paper.  The  work  was  carried  out  at  Cambridge  University  during  the 
tenure  of  a  Department  of  Scientiflc  and  Industrial  Research 
Maintenance  Grant.  , 
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EXPLANATION  OF  PLATE 

Figure  A. — Microphotograph  of  pyroxene-rich  part  of  xenolith.  Rock 
composed  of  green  pyroxene,  apatite,  sphene,  iron  ore,  quartz, 
and  felspar.  Notice  the  colour  variation  in  the  pyroxene,  especially 
in  the  larger  grains  ;  the  mass  of  anhedral  grains  of  apatite  at  the 
centre  of  the  photograph  ;  the  small  drop-like  grains  of  sphene  ; 
and  the  interstitial  nature  of  the  iron  ore  and  quartz  (pure  white). 

Figure  B. — Microphotograph  of  felspathic  part  of  a  heterogeneous  syenite. 
Rock  composed  of  microperthitic  orthoclase,  pale  green  pyroxene, 
sphene,  iron  ore,  apatite,  quartz,  and  albite.  Notice  how  the 
pyroxene  tends  to  occur  between  the  felspar  grains  ;  the  lar^r 
grain  size  and  mantling  habit  of  the  sphene,  and  the  interstitial 
quartz.  Myrmekite  and  albite  occur  between  some  of  the  grains  of 
microperthite. 


CORRESPONDENCE 

FURTHER  REMARKS  ON  PLATYCALYMENE  AND  THE 
SEGMENTAL  RELATIONS  OF  TRILOBITE  EYES 

Sir, — It  has  now  been  ascertained  that  the  specimen  in  the  Geological 
Survey  Museum  to  which  Dr.  Stubblefield  (1950,  p.  67)  referred  as  indistin  ¬ 
guishable  from  Platycalymene  duplicata  (Murchison)  is  from  the  Raheea 
Shales  of  Passage  ^st.  County  Waterford.  It  is  thus  more  recent  than 
anything  in  the  Tramore  Limestone  Series  (see  Lamont,  1939),  Stage  3  cf 
which  yields  P.  dire  Lamont.  The  Survey  specimen  is  of  dark,  slightly  baked 
shale  with  pale  streaks.  On  it  there  is  also  a  kite-shaped  plate,  narrow  and 
with  sides  subparallel  through  much  of  the  length,  belonging  to  a  new  species 
of  Plumulites  distinctive  of  the  Raheen  horizon.  T.  Austin,  the  original 
collector  (1860,  p.  71)  pointed  out  that  there  is  a  Newtown  Head  at  two 
separate  localities  in  County  Waterford,  and  that  Portlock  (1843,  p.  754) 
erred  in  referring  sp^imens  to  Tramore  which  should  have  been  cited  from 
Passage  East.  Salter  is  ambiguous  about  localizing  trilobites  from  the  Raheen 
Shales.  These  include  Barro/idia  por//ocAri7  Salter  (1849,  p.  4  ;  1866,  p.  140) 
and  Acidaspis  jamesii  Salter  (1853,  p.  6),  and  some  show  close  affinities  with 
Scottish  species  from  Balcletchie,  which  come  from  near  the  base  of  the 
Caradoc. 

Since  writing  (1950,  p.  300)  on  the  probable  trisegrnental  nature  of  the 
pseudofrontal  lobe  in  Platycalymene  duplicata  as  indicated  by  axial  pits, 
1  find  that  corresponding  pairs  of  depressions,  though  less  sharply  defined, 
can  sometimes  be  discerned  at  the  sides  of  the  pseudofrontal  lote  in  certain 
species  of  Homalonotus. 

On  the  tentative  ascription  of  the  eyes  in  different  families  to  successive 
segments  of  the  pseudofrontal  lobe,  it  should  perhaps  be  made  clear  that 
while  in  Calymenidae  they  belong  to  the  second  segment,  in  Proetidae  they 
may  be  connected  with  the  third.  This  kind  of  distinction  is  possible  in 
families  as  old  as  Lower  and  Middle  Cambrian.  In  Olenellus  cf.  gilberti 
Meek  (Walcott,  1910,  pi.  41,  fig.  1)  the  arcuate  eyes  join  on  to  what  is  here 
regarded  as  the  third  segment  of  the  pseudofrontal  lobe.  This  is  also  true  of 
Callavia  bicensis  Walcott  (1910,  pi.  41,  fig.  9),  and  the  form  and  position  of 
the  eyes  suggest  that  they  may  be  homologous  with  the  alae  of  Harpedidae 
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and  Cryptolithinae.  In  Lower  Cambrian  Albertella  Helena  Walcott  (1908^ 
pi.  2,  fig.  S),  however,  the  eye  appears  to  arise  from  the  rear  of  the  second  of 
the  thrw  pseudofrontal  segments,  and  it  also  seems  to  be  attached  to  this 
segment  in  Bathyuriscus  ornatus  Walcott  (1908,  pi.  1,  fig.  1).  In  Neolenus 
inflatus  Walcott  (1908,  pi.  S,  fig.  2),  the  eyeline  originates  well  forward  in 
the  pxudofrontal  lobe,  and  similarly  with  later  members  of  the  Olenidae. 
Hiis  line  of  evidence  tends  to  contradict  the  customary  view  that  the  eyes  in 
Mesonacidae  and  Olenidae  are  homologous. 

On  the  question  of  the  evolution  of  the  trilobite  hypostome,  account  should 
have  been  taken  of  E.  D.  Gill’s  treatment  of  it  as  representing  former  dorsal 
segments,  and  I  hope  that  some  of  my  opinions  are  complementary  to  his. 
Consideration  of  a  genus  like  Phillibole  R.  and  E.  Richter  (1949)  makes  me 
doubt  whether  one  can  dogmatize  about  a  definite  number  of  cephalic 
segments  in  trilobites  retaining  ancestral  characters. 

Archie  Lamont. 

Grant  iNsrmjTE  of  Geology, 

West  Mains  Road, 

Edinburgh,  9. 

27th  March,  1951. 
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RHYTHMIC  LAYERING  IN  THE  ULTRABASIC  ROCKS  OF  RHUM 

Sir, — In  the  May-June  number  of  the  Geological  Magazine,  1951,  pp.  166- 
8,  you  publish  a  preliminary  note  on  recent  observations  made  by  Professor 
L.  R.  Wager  and  Mr.  G.  M.  Brown  on  the  “  Rhythmic  Layering  in  the 
Ultrabasic  Rocks  of  Rhum  ”.  1  found  this  note  of  particular  interest  as 
1  have  been  studying  the  petrology  of  the  south-western  part  of  Rhum,  and 
in  particular  the  harrisite,  for  the  past  two  years. 

According  to  Wager  and  Brown,  the  harrisite  was  built  up  from  below  ; 
and  periods  of  upward  growth  of  long,  branching,  coral-like  olivines 
alternated  with  periods  of  precipitation  and  accumulation  of  discrete  olivine 
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grains.  Referring  to  the  layered  structure.  Wager  and  Brown  note  “  that  it 
will  be  possible  to  map  individual  sheets  over  wide  areas  much  as  a  normal 
series  of  sedimentary  rocks  may  be  mapped  Later  they  add  :  “  we  are 
satisfkd  that  the  fundamental  characteristic  of  the  Skaergaard  intrusion, 
namely  accumulation  of  material  from  the  bottom  upwards,  is  responsible 
also  for  the  sheet  structure  of  the  Rhum  rocks.”  This  tacitly  assumes  that 
the  stratigraphical  sequence  of  the  layers  is  identical  with  their  time  sequence, 
an  assumption  that  cannot  be  made  without  the  support  of  evidence  based 
on  a  thorough  investigation  of  all  the  contacts  concerned.  The  authors 
illustrate  their  interpretation  by  a  photograph  of  a  vertical  rock  face 
(Plate  VII).  This  photograph  cannot  be  said  to  demonstrate  the  structure 
described  at  all  clearly  as  it  is  the  white  material  (plagioclase)  which  appears 
to  branch  more  conspicuously  than  the  grey  (olivine).  In  my  own  experience, 
based  on  held  observations  and  examination  of  many  thin  sections,  I  have 
found  the  branching  material  “  growing  up  ”  from  the  base  of  each  layer 
to  be  vein-like  aggregates  of  plagioclase,  not  single  cp^tals  of  olivine  ;  the 
olivine  individuals  are  characteristically  nearly  equidimensional  and  sub- 
hedral.  Throughout  the  harrisite  the  plexus  of  plagioclase  veinlets  is  more 
resistant  to  weathering  than  the  olivine  and  stands  out  on  weathered  surfaces 
in  much  the  same  way  as  granophyric  net-veins  in  basic  rocks  and  with 
a  similar  type  of  pattern.  If  there  are  coral-like  olivine  crystals  in  the 
harrisite,  such  as  Wager  and  Brown  describe,  they  must  be  quite  exceptional : 
so  far,  I  have  not  seen  any,  though  certain  granular  aggregates  of  olivine 
do  locally  simulate  branching  forms.  Moreover,  if  Wager  and  Brown's 
postulated  conditions  had  obtained,  one  would  have  expected  an  increasing 
tendency  to  idiomorphism  in  the  olivines  towards  the  upper  part  of  each 
layer.  In  all  the  examples  1  have  studied  I  have  found  no  such  tendenc>' ; 
the  olivines  are  everywhere  subhedral. 

It  should  be  pointed  out  that  Marker  long  ago  noticed  the  ”  coralline  ” 
structure  of  some  of  the  layers.  In  the  “  Small  Isles  ”  Memoir,  1908,  p.  75, 
he  wrote  :  “  Many  of  the  rock-faces  are  pitted  or  even  irregularly  honey¬ 
combed,  sometimes  with  cavities  of  rudely  branching  form.  The  salient  parts 
often  have  forms  resembling  ‘  concretionary  growths  in  impure  calcareous 
or  calcareo-argillaceous  sediments,  or,  when  more  elaborately  developed, 
recall  the  shapes  of  sponges  and  corals.  More  remarkable  structures  arise 
when  effects  of  this  kind  have  been  superposed  upon  a  well-marked  hne 
banding.  Here  we  find  structures  comparable  with  a  certain  type  from  the 
Magnesian  Limestone  of  Durham,  in  which  the  concretionaiy  growth  has 
not  obliterated  the  original  lamination.”  Marker's  highly  signincant  analogy 
serves  to  emphasize  the  extreme  difficulty  of  the  problem.  In  the  ”  coralline  ” 
layers  of  the  Magnesian  Limestone  we  know  what  the  parental  material 
was  and  yet  have  no  convincing  explanation  to  account  for  the  structure. 
In  the  case  of  the  layered  peridotites  of  Rhum  we  do  not  know  as  yet  what 
the  parental  material  may  have  been,  or  even  if  there  was  any,  other  than 
a  hypothetical  magrna.  It  is  therefore  not  surprising  that  there  is  still  no 
satisfactory  explanation  for  these  enigmatic  structures. 

George  P.  Black. 

Grant  Institute  of  Geology, 

Edinburgh. 

Uth  June,  1951. 


WALL  GRANGE  BRICKYARD,  STAFFS. 

Sir, — Until  recently  there  has  been  no  definite  proof  of  the  age  of  the  grit 
which  caps  the  brick-pit  at  Wall  Grange  (2i-in.  O.S.  map.  Sheet 
33/95 — 963534),  near  Leek,  Staffordshire.  Walcot  Gibson,  in  The  Geology  of 
the  North  Staffordshire  Coalfields  (1905,  p.  30),  suggested  that  it  was  First 
Grit  and  added  that  no  goniatites  or  other  marine  organisms  had  been 
recorded  in  the  underlying  shales.  The  Survey  Memoir  on  the  Geology  of 
the  Country  around  Stoke-on-Trent  (1925,  p.  14)  states  that  “  grey,  sandy,  and 
marly  shales  lie  directly  beneath  the  First  Grit  and  are  underlain  by  dark 
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laminated  shale  Again,  no  marine  fossils  had  been  detected.  The  1-in. 
geological  map  (Sheet  123)  shows,  in  the  extreme  N.E.  comer,  this  Wall 
Grange  grit  as  Third  Grit,  with  a  south-westerly  dip  of  20° 

A  few  weeks  ago  I  picked  up  on  the  floor  of  the  quarry  some  fossiliferous 
shale  which  was  kindly  examined  by  Dr.  C.  J.  Stubblefield,  who  reported 
that  it  contained  “  Avicuhpecten  cf.  hsseni  (von  Koenen),  Dunbarella  sp., 
Anthracoceras  sp.,  Gastrioceras  sp.  with  some  fragments  showing  widely 
spaced  crenulate  ornament  He  suspected  that  the  horizon  might  be  that 
of  G.  cumbriense,  though  further  material  would  be  required  for  confirmation. 

On  a  later  brief  visit  more  shale  was  picked  up,  which  though  badly 
weathered  appeared  to  contain  Gastrioceras  cancellatum  and  Reticuloceras  sp. 
Pterinopecten  was  also  present.  Dr.  F.  Wolverson  Cope  examined  the 
specimens  and  confirmed  the  presence  of  Gastrioceras  cancellatum  Bisat 
together  with  Reticuloceras  reticulatum  mut.  superbilingue  Bisat. 

The  cancellatum  band  and  probably  also  the  cumbriense  band  were  inferred 
to  occur  somewhere  in  the  quarry.  A  field  meeting  of  the  North  Staffordshire 
Field  Club  visited  the  Wall  Grange  brick-pit  on  31st  May,  and  Dr.  Cope 
soon  found  the  cancellatum  band.  Good  specimens  of  Gastrioceras 
cancellatum,  Reticuloceras  reticulatum  mut.  superbilingue,  Pterinopecten  sp., 
Orthoceras  sp.,  fish  spines  and  scales,  were  obtained  from  it.  The  cumbriense 
band  was  also  located  some  20  to  30  feet  higher,  but  direct  measurement  was 
not  possible  because  of  shale  scree.  The  finding  in  situ  of  these  two  marine 
bands,  hitherto  unrecorded  in  this  brick-pit,  proves  quite  definitely  that  the 
capping  grit  is  the  Rough  Rock,  or  First  Grit. 

J.  Myers. 

148  Hempstalls  Lane, 

Newcastle, 

Staffs. 

9ih  :une,  1951.  _ 


RED  SEA  RIFTING 

Sir, — Mr.  Arkell  wrote  a  rather  emotional  and  unfriendly  article  in  the 
Geological  Magazine  of  January,  1951,  in  which  he  accuses  me  of  not  giving 
credit  to  British  Geologists  in  Egypt.  This  article  reached  me  only  to-day, 
due  to  continuous  travelling  during  the  last  nine  months,  and  would  not  have 
been  written  by  Mr.  Arkell  if  he  had  followed  the  international  custom  of 
sending  me  a  copy  of  his  complaints  before  publishing  the  article. 

In  my  article  on  the  macrostratigraphy  of  Egypt,  which  should  have 
appeared  in  September,  1950,  but  is  still  in  print  in  ^iro,  I  gave  a  selection 
of  references  (altogether  74),  including  three  from  Andrew,  four  from  Ball, 
seven  from  Beadnell,  eight  from  Hume,  two  from  Moon  and  Sadek,  and  many 
others  from  British  geologists.  One  of  my  first  sentences  in  chapter  2  of  my 
article  (“Tromp  1950”  referred  to  by  Mr.  Arkell)  reads:  “Since  1897 
considerable  reconnaissance  work  has  been  done  by  the  Geological  Survey 
of  Egypt,  in  particular  by  the  geologists  Ball  (bibl.  nos.  17-20),  Barron 
(bibl.  nos.  21-3),  Beadnell  (bibl.  nos.  25-31),  Hume  (bibl.  nos.  48-9),  Little 
(bibl.  nos.  51-3),  Lucas,  Madgwick  (bibl.  nos.  45-7),  Moon  (bibl.  nos.  45-7), 
Sadek  (bibl.  nos.  54,  55,  and  55),  and  others.  Local  studies  were  made  by 
Blanckenhom,  Zittel,  etc.,  etc.” 

A  little  further  :  “  Up  to  1935  the  best  compilation  of  the  geology  of  Egypt 
was  written  by  W.  T.  Hume  and  his  collaborators,  which  was  published  in 
four  magistral  volumes,  incorporating  an  incredible  amount  of  interesting 
facts  on  the  geology  of  Egypt.” 

Still  Mr.  Arkell,  who  apparently  did  not  try  to  contact  me  first,  claims  that 
I  did  not  give  sufficient  credit  to  British  geologists  in  Egypt. 

Much  of  the  geology  of  Egypt  hqs  been  changed,  however,  during  the  last 
ten  years,  as  a  result  of  the  work  of  the  oil  companies.  Mr.  Arkell  will  be 
convinced  as  soon  as  he  receives  a  copy  of  my  article.  “  The  astonishing 
second  sentence  of  my  opening  paragraph  ”  (as  Mr.  Arkell  calls  it),  refers  to 
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Krenkel  and  many  other  non-Egyptian  geologists  (i.e.  geologists  who  did  not 
work  in  Egypt  for  many  years)  who  developed  theories  on  the  Red  Sea  graben 
without  knowing  in  detail  the  stratigraphy  and  structural  features  of  Egypt. 

Once  again,  a  less  emotional  approach  in  future  would  help  to  improve 
international  relations  amongst  geologists. 

Dr.  S.  W.  Tromp, 

Geological  Consultant,  United  Nations  Techn.  Ass.  Adm. 
Runsburgerweg  159, 

Leiden. 

4th  June  1951. 


Sir, — I  am  much  relieved  to  learn  that  Dr.  Tromp  has  not  overlooked  the 
work  of  the  Geological  Survey  of  Egypt  and  that  it  is  to  receive  due 
recognition  in  his  forthcoming  publication.  My  letter,  however,  referred 
necessarily  to  his  published  paper.  If  1  was  guilty  of  emotion,  it  was 
indignation,  because  in  his  paper  Dr.  Tromp  attributed  to  himself  a  number 
of  discoveries  for  which  the  credit  belongs  elsewhere. 

W.  J.  Arkell. 

Sedgwick  Museum, 

Cambridge. 

10th  June,  1951. 


SCOURIE  DYKES  AND  LAXFORDIAN  METAMORPHISM 

Sir, — In  his  paper  “  Scourie  Dykes  and  Laxfordian  Metamorphism  ” 
(Geol.  Mag.,  Ixxxviii,  153)  Sir  Edward  Bailey  makes  a  number  of  severe 
comments  based  on  abstracts  of  papers  presented  by  us  to  the  Geological 
Society  (Abstr.  Proc.  Geol.  Soc.,  1950,  51-3)  concerning  parts  of  the  Lewisian 
of  Scotland.  These  comments  amount  to  a  statement,  firstly,  that  we  had 
failed  to  acknowledge  our  debt  to  the  great  body  of  knowledge  built  up  by 
previous  workers  and  set  out  principally  in  the  North-West  Highland 
Memoir  of  1907,  and  secondly,  that  we  have  produced  neither  new  material 
nor  new  ideas. 

The  papers  (which  are  now  in  the  press  and  will  appear  as  one  paper  in 
the  Q.J.G.S.,  cvi,  1951)  begin  with  what  we  hope  is  an  adequate  outline  of 
earlier  work.  We  refer  therein  specifically  to  the  pages  of  the  North-West 
Highland  Memoir  dealing  with  the  Torridon  and  Scourie  areas  now  in 
question.  When  the  papers  were  delivered,  care  was  taken  to  give  the 
substance  of  the  quotations  and  references  with  which  our  paper  opens  and 
to  outline  the  present  state  of  knowledge  of  the  two  areas. 

It  is  unfortunate  that,  as  Sir  Edward  Bailey  was  not  present  at  the  meeting, 
and  because  the  paper  has  not  yet  been  published,  his  knowledge  of  its 
contents  app^rs  to  be  confined  to  what  was  set  out  in  the  printed  abstracts. 
The  manuscripts  were  deposited  in  August,  1949,  with  the  Geological  Society, 
where  they  were  available  for  consultation  on  application.  Had  we  known 
that  Sir  ^ward  Bailey  held  such  strong  views  on  the  abstracts  we  should 
ourselves  have  been  happy  to  send  him  a  copy  of  the  complete  manuscript. 

The  prevalent  conception  of  the  Lewisian  has  been  epitomized  by  Peach 
and  Home  (Chapters  on  the  Geology  of  Scotland,  1930,  p.  24).  They  write  : 
“  The  detailed  mapping  of  that  region  [the  western  seaboard  of  Ross  and 
Sutherland]  by  the  Geological  Survey  has  shown  that  the  rocks  are  divisible 
into  (1)  a  Fundamental  Complex,  consisting  mainly  of  gneisses  that  have 
affinities,  both  chemically  and  mineralogically,  with  plutonic  igneous  products, 
and  partly  of  crystalline  schists  which  are  evidently  of  sedimentary  origin  ; 
(2)  a  series  of  igneous  rocks  intrusive  in  that  complex  in  the  form  of  dykes, 
sills,  and  irregular  veins.” 

Sir  Edward  has  recently  written  of  our  Abstracts  :  “  Like  the  authors  of 
these  summaries,  I  agree  with  the  bulk  of  the  striking  results  set  out  by 
Teall  and  his  colleagues.”  We  cannot,  however,  agree  with  such  a  complete 
correlation  of  our  opinion  with  that  of  the  authors  of  the  Memoir  of  1907. 
Thus,  we  reject  the  view  that  the  complex  is  mainly  orthogneiss  ;  we  reject 
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the  implication  that  the  present  chemical  and  mineralogical  state  of  the 
^eiss  necessarily  bears  on  its  original  nature  ;  we  reject  the  classification 
itself.  Not  until  we  read  Sir  Edward  Bailey's  recent  paper  did  we  understand 
how  his  misconception  of  our  position  arose.  On  p.  1S7  he  writes  :  "  the 
Fundamental  Complex  (which  they  [Sutton  and  Watson]  call  Scourian, 

1  prefer  Assynt . . . )."  But  the  main  purpose  of  our  papers  was  to  demonstrate 
that  the  Fundamental  Complex  is  not  an  entity  and  is  the  equivalent  neither 
of  the  Scourian  Complex  nor  of  the  Laxfordian  Complex.  In  our  view  of 
the  Lewisian,  the  Fundamental  Complex  consists  of  two  entirely  separate 
complexes  of  heterogeneous  gneiss  which  were  formed  in  two  definitely 
separable  epochs,  largely  by  metamorphic  processes,  both  essentially  similar 
and  characteristically  metasomatic.  Each  complex  is  of  equal  standing,  both 
equally  “  fundamental  ".  It  would,  in  our  opinion,  be  as  accurate  and  as 
useful  to  refer  to  the  Laxfordian  as  modified  or  reconstituted  Scourian  as 
it  would  be  to  refer  to  a  basal  conglomerate  of  the  Torridonian  as  modified 
Lewisian. 

The  lines  of  argument  that  led  us  to  our  conclusions  can  best  be  explained 
by  comparing  the  current  views  of  the  Lewisian  with  our  own.  In  the 
North'West  Highland  Memoir,  the  Fundamental  Gneiss  Complex  is  held 
to  be  dominantly  orthogneiss.  On  p.  100  of  the  Memoir,  Teall  wrote  of 
the  later  granitic  rocks  :  “  The  intrusive  magma  was  homogeneous.  In  this 
respect  there  is  a  marked  contrast  between  the  later  intrusions  and  the 
Fundamental  Complex  . .  .  ”.  The  belief  thus  grew  up  that,  as  the  Funda¬ 
mental  Complex  consisted  largely  of  variable  gneisses,  and  as  no  hetero¬ 
geneous  intrusions  of  later  date  were  known,  all  the  Fundamental  Complex 
must  have  formed  before  the  Scourie  dykes  were  intruded.  A  paradox  arose 
when  at  the  same  time  it  was  found  that  the  Fundamental  Complex,  which 
in  some  places  is  cut  by  dolerite  dykes,  is  in  others  indistinguishable  not 
only  from  the  altered  dolerites  but  from  the  even  later  granitic  gneisses. 

Once  it  is  granted  that  the  Scourian  complex  was  form^  by  metasomatism 
and  recrystallization  of  a  series  of  pre-existing  materials,  and  when  it  is 
appreciated  that  in  Laxfordian  times  similar  metasomatism  and  recrystalliza- 
tion  took  place,  it  then  becomes  possible  to  advance  a  new  solution  for  this 
problem.  We  discovered  at  Torridon  and  Scourie  that  the  well-known 
movements  and  granitic  injections  of  the  Laxfordian  period  had  been 
accompanied  by  widespread  metasomatism.  The  metasomatic  changes  that 
took  place  were  so  great  that  the  Laxfordian  biotite  and  hornblende  gneisses 
produced  by  them  are,  in  our  opinion,  virtually  new  rocks.  Because  they 
were  formed  by  similar  processes,  the  gneisses  of  the  Laxfordian  and  Scourian 
complexes  resemble  each  other,  but  this  similarity  should  not  be  taken  as 
a  demonstration  of  their  identity. 

We  propose  that  the  Fundamental  Complex  should  be  divided  into  two 
parts.  In  the  Scourian  complex  we  place  all  the  rocks  produced  during  the 
Scourian  metamorphism,  irrespective  of  the  age  of  the  material  from  which 
they  were  formed.  In  the  Laxfordian  complex  we  place  all  the  rocks  produced 
during  the  Laxfordian  metamorphism,  irrespective  of  the  age  of  the  material 
from  which  they  were  produced.  The  latter  complex  includes  the  Laxfordian 
granite  gneisses  and  the  altered  Scourie  dykes,  about  whose  age  there  has 
never  been  any  doubt,  together  with  the  second  generation  of  heterogeneous 
gneisses,  hitherto  held  to  be  part  of  the  Fundamental  Complex,  which  in 
the  field  are  often  inseparable  from  the  granitic  rocks.  Neither  Scourian  nor 
Laxfordian  complex,  by  itself,  is  equivalent  to  the  Fundamental  Complex. 

The  classification  adopted  by  us  and  the  current  classification  are  given 
below : — 


Current  Classification. 

3.  Acid  intrusions 
2.  Scourie  dykes 
1 .  Fundamental  complex 

(Bailey’s  “  Assynt  complex  ”) 


Sutton  and  Watson. 

2.  Laxfordian complexlp^j„^^g„,^l 

1 .  Scourian  complex  complex 


(AT.fi.— Bailey  has  erroneously  identified  our  Scourian  complex  with  the  Fundamental 

Complex.) 
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In  post'Cambrian  times,  periods  of  such  extensive  migmatization  and 
metamoiphism  as  those  which  we  believe  to  have  produoMl  the  Scourian 
and  Laxfordian  complexes  are  usually  connected  with  orogeny,  and  in  our 
paper  we  consider  the  possibility  that  the  Scourian  and  Laxfordian  periods 
may  have  been  orogenic.  If  this  is  so,  then  each  complex,  with  its  well- 
defined  structural  pattern,  is  a  fragment  of  a  separate  orogenic  belt,  an 
interpretation  not  hinted  at  in  Sir  Edward  Bailey’s  address  to  the  XVIII 
International  Geological  Congress  on  the  Structural  History  of  Scotland 
{General  Proceedings,  XVIII  Int.  Geol.  Congr.,  Part  1,  p.  230).  Three  orogenic 
periods  might  thus  be  represented  in  the  North-West  Highlands ;  the 
Scourian,  the  Laxfordian,  and  the  Caledonian. 

In  conclusion,  we  would  ask  any  readers  interested  in  the  questions  raised 
here  to  suspend  judgment  until  our  paper  has  appeared,  and  to  remember 
that  Sir  Edward  Bailey’s  comments  to  date  are  l»sed  upon  so  great  a  mis¬ 
conception  that  he  unwittingly  attributes  to  us  the  very  view  of  the  Lewisian 
that  we  are  actually  seeking  to  disprove. 

J.  Sutton. 

J.  Watson. 

Department  of  Geology, 

Imperial  College, 

London,  S.W.  7. 

22nd  June,  1951. 

Sir, — I  have  read  with  regret,  tinged  I  may  add  with  some  surprise,  the 
latest  example  of  intolerance  coming  from  the  pen  of  Sir  Edward  Bailey, 
and  appearing  in  the  May-June  number  of  the  Geological  Magazine.  That 
he  should  regard  himself  as  the  sole  champion  of  tlM  giants  of  Highland 
geology  and  the  custodian  of  the  final  revelation  of  the  geology  of  the  North¬ 
west  as  established  in  the  Survey  Memoir  of  1907,  is  one  of  those  personal 
foibles  which  1  pass  over  without  comment. 

I  need  not  consider  at  length  his  reflections  on  my  own  shortcomings, 
being  all  too  conscious  of  the  fact  that  I,  like  many  others,  am  groping 
towards  the  truth,  and  have  not  yet  attained  that  blissful  certainty  which 
appears  to  be  his  prerogative.  In  our  own  humble  ways,  my  students  and  I  are 
trying  to  carry  on  the  tradition  of  those  who  have  gone  before.  To  us,  as 
to  them,  no  views  are  sacrosanct,  and  we  will  continue  to  test  all  opinions 
in  the  light  of  the  facts  as  they  become  known. 

It  may  of  course  be  true  that  I  am  not  as  deeply  read  in  Highland  geology 
as  Sir  Edward,  and  have  consequently  misled  my  students,  but  I  would 
add  that  at  least  1  have  not  committed  the  error  of  launching  into  a  detailed 
criticism  of  a  paper  which  I  have  neither  read  nor  heard,  a  preliminary  that 
Sir  Edward  appears  to  have  neglected  in  his  latest  outburst. 

H.  H.  Read. 

Imperial  College  of  Science  and  Technology, 

London,  S.W.  7. 

6th  July,  1951. 

Sir, — ^Thanks  to  the  courtesy  of  the  authors  I  have  been  given  an 
opportunity  of  reading  the  above,  but  it  has  in  no  way  affected  my  under¬ 
standing  of  the  geology  of  the  case.  It  seems  to  me  clear  that  what  the 
authors  have  called  Scourian  Complex  (whatever  its  pre-Scourie-Dyke 
history)  is  synonymous  with  the  Fundamental  Complex  of  the  North-West 
Highland  Memoir. 

I  should  like  to  draw  attention  to  a  correction  received  by  post  from 
Kennedy.  It  concerns  the  term  “  Assyntian  ”,  which  I  had  su^sted  might 
be  substituted  for  the  authors’  ”  Scourian  ”,  to  avoid  clashing  with  the 
Scourie  Dykes.  Kennedy  points  out  that  “  Assyntian  ”  is  itself  preoccupied, 
since  Stille  has  used  it  to  denote  a  supposedly  world-wide  orogeny — some¬ 
where  in  age  between  Torridonian  and  Cambrian.  This  affords  an  amusing 
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example  of  a  biter  bitten.  I  now  humbly  put  forward  “  Inverian  ”  (with 
accent  on  the  ver).  Coastal  exposures  at  IxKh  Inver  have  long  been  regarded 
typical  of  the  Assynt  district.  The  Stille  reference  is  :  1946.  Die  Assyntische 
Ana  und  der  vormit-  und  nach  Assyntische  Magmatismus.  Zeits.  deutsch. 
Geol.  Gesell.,  xcviii,  152. 

E.  B.  Bailey. 

19  Greenhill  Gardens, 

Edinburgh. 
nth  July,  1951. 


REVIEWS 

Structural  Petrology  of  Deformed  Rocks.  By  H.  W.  Fairbairn,  with 
supplementary  chapters  on  Statistical  Analysis  by  F.  Chayes.  Addison- 
Wesley  Press  Inc.  (Cambridge,  Mass.).  2nd  ed.,  1949,  ix  -  344  pp., 
price  $12.50. 

This  book  is  an  expansion  of  the  first  edition  (1941) ;  the  more  recent  work 
has  been  incorporated  and  an  additional  section  add^  on  statistical  analysis. 
The  book  falls  into  three  main  parts  (i)  Petrofabric  and  Experimental  Facts, 
(ii)  Interpretation  and  Application,  (iii)  Methods  and  Analytical  Procedures, 
including  Statistical  Methods.  It  is  by  far  the  best  book  on  structural  petrolo^ 
(petrofabrics)  in  the  English  language.  The  material  is  presented  in  a  lucid 
and  concise  style,  with  a  wealth  of  clear  diagrams,  and  an  admirably  objective 
assessment  of  differences  in  interpretation  and  theory.  The  references  to  the 
literature  are  comprehensive  and  are  especially  valuable  to  those  approaching 
the  subject  for  the  first  time  ;  for  though  Dr.  Fairbairn  makes  no  claim  that 
this  is  a  textbook,  an  intelligent  honours  student,  by  reading  the  text  and 
consulting  the  references  appropriate  to  those  portions  he  finds  too  condensed, 
will  obtain  an  excellent  appreciation  of  the  subject.  It  is  therefore  all  the 
more  to  be  regretted  that  the  price  puts  the  book  into  that  group  which  is 
only  consulted  in  the  library. 

S.  O.  A. 


Coal  Mining.  By  I.  C.  F.  Statham.  pp.  xi  --  564,  with  310  figs.  English 
Universities  Press,  Ltd.,  London.  1951.  Price  22s.  6d. 

This  excellently  printed  and  profusely  illustrated  book  on  the  applied 
science  of  coal-mining  has  the  stamp  of  authority  which  one  would  expect 
from  the  eminent  position  held  in  the  mining  world  by  its  author.  The 
geologist  who  reads  it  with  the  idea  of  obtaining  a  comprehensive  picture 
of  the  exploitation  of  Britain's  greatest  mineral  asset  will  find  a  wide  variety 
of  subjects  to  interest  him.  There  are  chapters  dealing  with  the  purely  human 
questions  of  safety,  health,  welfare,  training,  and  organization,  others 
describing  the  enpneering  problems  of  surface  plant,  underground  transport, 
ventilation,  and  lighting,  and  still  others  upon  such  questions  as  methods  of 
coal-winning,  roof  support,  and  draining  where  the  geological  reader  will 
have  more  than  a  detached  interest.  It  is  only  when  he  reads  the  chapter 
on  the  origin  of  coal  that  the  geologist  will  be  disappointed,  for  there  is  no 
doubt  that  the  author,  in  attempting  to  simplify  the  petrology  and  strati¬ 
graphy  of  coal  to  a  point  where  it  can  be  understood  by  all  practical  miners, 
has  oversimplified  to  the  verge  of  inaccuracy.  A  few  examples  of  this  sort 
may  be  quoted — the  mention  of  Kimmeridge  “  Coal  ”  as  if  it  were  no 
different  from  a  bituminous  coal ;  the  omission  of  any  reference  to  pterido- 
sperms  except  as  ferns,  and  the  description  of  the  geological  background  to 
the  discovery  of  the  Kent  coalfield.  Occasionally  a  statement  occurs  which 
is  palpably  wrong — such,  for  instance,  as  “  the  average  hade  of  faults  in  the 
coal  rneasures  is  about  60°  ”.  The  diagrammatic  illustrations  to  the 
geological  section  are  in  the  main  excellent  but  there  are  three  exceptions 
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to  this  statement.  Figure  18  gives  the  impression  that  in  a  series  of  dipping 
measures  the  ground  surface  is  formed  by  one  stratum  only  ;  Figure  29 
shows  a  dyke  ending  upwards  with  no  regard  for  the  space  problem  of 
intrusions ;  and  Figure  14  has  attempted  to  combine  in  one  diagram  the 
five  successive  events  of  deposition,  folding,  erosion,  unconformable  cover, 
and  a  second  erosion  and  has  thereby  produced  a  picture  which  could 
probably  only  be  really  understood  by  one  who  is  in  no  need  of  instruction. 

These  criticisms,  which  are  called  for  in  a  review  written  for  a  geological 
periodical,  should  not,  however,  be  allowed  to  obscure  the  general  excellence 
of  a  book  which  is,  after  all,  primarily  a  treatise  on  a  particular  branch  of 
engineering. 

F.  W.  S. 


GrUNDLAGEN  UNO  Methoden  der  Palaontologischen  Chronologie. 
3rd  edition.  By  O.  H.  Schindewolf.  pp.  viii  -f  152.  Bomtraeger, 
Berlin.  1950.  Wee  25^. 

This  slim  volume  is  by  no  means  a  compilation  or  a  students’  handbook, 
but  is  argued  like  a  scientific  paper  and  expresses  strong  individual  opinions. 

It  is  divided  into  six  parts  :  (1)  Introduction  ;  (2)  'fiieoretical  concepts; 
(3)  The  factual  basis  of  chronology,  with  special  reference  to  corals,  brachio- 
pods,  nautiloids,  and  ammonites  as  chronological  indices  ;  (4)  Methods  of 
dating  (with  a  section  on  micro-palaeontology) ;  (5)  Organic  evolution  and 
its  relations  to  environment ;  (6)  Summary  of  conclusions. 

Part  2  presents  an  historical  account  of  the  development  of  ideas  on  the 
relative  and  absolute  dating  of  strata,  and  demolishes  the  contention  that 
diastrophism  should  form  the  ultimate  basis  of  stratigraphy  ;  for  those  who 
advocate  this  forget  that  unconformities  and  disconformities  are  only  datable 
by  reference  to  fossils. 

The  account  of  zonal  concepts  is  over-simplified.  Professor  Schindewolf 
rightly  holds  that  a  separate  scale  of  time-terms  is  superfluous,  and  indeed 
no  one  any  longer  uses  them  ;  but  awareness  of  the  distinction  between 
a  zone  and  the  time  in  which  it  was  formed,  and  between  different  kinds  of 
zone,  is  philosophically  indispensable  and  does  not  seem  to  come  auto¬ 
matically  to  the  student.  The  various  concepts  and  the  terms  invented  to 
distinguish  them  therefore  serve  a  useful  purpose  in  clarifying  ideas. 
Professor  Schindewolf  maintains  that  the  commonly  accepted  definition  of 
a  zone  as  a  bed  or  beds  is  wrong  :  that  for  d’Orbigny  and  Oppel  the  concept 
of  a  zone  was  an  abstraction  and  contained  an  essential  time  element ; 
was,  therefore,  a  “  space-time  concept  ”.  The  quotations  from  d’Orbigny 
and  Oppel  (p.  27)  scarcely  support  this  interpretation.  An  “  ideal  profile  ” 
(Oppel)  is  surely  a  section  of  strata,  which  could  be  deposited  anywhere,  in 
whatever  form,  during  the  duration  of  the  index-fossil  or  index-fauna,  and 
that  is  not  the  same  thing  as  the  time  during  which  it  was  deposited.  Buckman 
analysed  all  this  fifty  years  ago,  and  it  is  misleading  to  assert  that  his  term 
hemera  is  “  completely  synonymous  ”  with  zone  in  d’Orbigny’s  and  Oppel’s 
original  sense,  however  superfluous  it  may  be  in  practice.  Happier  is  the 
abolition  of  “  biostratigraphy  ”  as  a  “  tautological  synonym  ”  of  stratigraphy 
(p.  33) ;  for  stratigraphy  divorced  from  palaeontology  is  nonsense,  provided 
the  rocks  are  fossiliferous. 

Parts  3  and  4  contain  much  useful  and  salutary  discussion,  illustrated  by 
examples  from  various  phyla  ;  but  why  an  author  intent  on  simplification 
feels  a  need  for  the  terms  orthochronology  and  parachronology  (pp.  84-5) 
is  a  puzzle.  (Orthochronology  is  chronology  based  on  fossils  of  chronological 
value,  parachronology  is  chronology  bas^  on  fossils  in  the  circumstances 
chronologically  useless.)  To  a  reader  accustomed  to  British  and  American 
literature  there  seems  to  be  in  these  chapters  some  flogging  of  dead  horses, 
but  it  appears  from  the  quotations  that  in  Germany  many  of  them  still  live. 

In  Part  5  Professor  Schindewolf  develops  his  ideas  on  evolution.  As  an 
experienced  and  distinguished  invertebrate  palaeontologist  he  has  full  claim 
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to  respect,  and  he  drives  home  many  partly-neglected  truths  and  exposes 
many  falsehoods.  In  particular,  he  does  good  service  in  weeding  out 
misconceptions  as  to  the  relations  between  organic  evolution  and  the 
inorganic  environment,  and  as  to  the  limits  of  dependence  of  animal  upon 
vegetable  evolution.  He  shows  that  diastrophism  was  not  the  cause  of  major 
“  Jumps  ”  in  organic  evolution,  but  that  on  the  contrary  animal  life  has 
bMn  able  to  take  advantage  of  new  environments  step  by  step  only  when  it 
reach^  the  appropriate  grade  of  evolution  that  enabled  it  to  do  so.  From 
this  he  argues  that  evolution  is  mainly  orthogenetic,  proceeding  from  an 
internal  impulse,  and  this  makes  him  a  vitalist. 

It  is  true  that  the  primary  cause  of  organic  evolution  is  an  internal  factor, 
the  occurrence  of  mutations,  but  that  alone  does  not  suflke.  The  second 
essential  factor  is  adaptation  to  the  environment  (organic  as  well  as  inorganic) 
brought  about  by  natural  selection  and  isolation,  whether  geographical  or 
ecological.  Granted  this,  the  extinction  of  previously  successful  adaptations, 
such  as  the  trilobites  and  ammonites,  can  be  explained  by  competition  as 
satisfactorily  as  by  postulating  mystic  processes  such  as  failure  of  the  life- 
urge.  Since  the  nature  of  mutations  produced  by  any  stock  is  necessarily 
dependent  upon  the  evolutionary  grade  reached  at  any  given  time,  over- 
sp^ialization  may  narrow  the  range  of  adaptability  and  prei^re  the  way  for 
extinction  by  competition.  Similarly,  since  the  range  of  diversity  of  mutations 
within  any  group  or  Order  is  necessarily  limited,  and  the  changes  in  environ¬ 
ment  are  recurrent  and  also  limited,  it  is  possible  to  explain  recurrent  trends 
and  programme  evolution  without  recourse  to  orthogenesis,  vitalism,  or 
teleology.  Linkage  of  unfavourable  with  favourable  characters  is  a  sufficient 
explanation  of  many  trends  that  end  in  extinction.  Loss  of  the  power  to 
produce  mutations  would  deprive  a  stock  of  adaptability  altogether  and 
doom  it  to  extinction  sooner  or  later,  but  the  assumption  that  any  stock 
ever  ceased  to  produce  mutations  is  unjustifiable  in  the  absence  of  evidence 
and  so  long  as  other  explanations  are  available. 

As  an  indispensable  supplement  to  Professor  Schindewolf's  fifth  chapter 
the  student  should  reflect  on  the  instances  given  in  the  light  of  the  mass  of 
data  martialled  in  Julian  Huxley's  Evolution  :  the  Modern  Synthesis  (1942), 
which  does  not  seem  to  have  b^n  available  to  the  author. 

W.  J.  A. 


Nonmetallic  Minerals.  By  R.  A.  Laekx)  and  W.  M.  Myers.  McGraw- 
Hill  Book  Co.,  2nd  edition,  1931.  ix  +  60S  pp.,  18  figs.  8S.r. 

The  first  edition  of  Nonmetallic  Minerals,  by  Raymond  Ladoo,  appeared 
in  1925.  Striking  advances  made  subsequently  in  nearly  all  branches  of  the 
nonmetallic  mineral  industries  have  necessitated  almost  complete  revision 
of  the  original  text.  Like  the  first  edition,  the  recent  publication  embodies 
concise  information  concerning  the  composition,  properties,  occurrence, 
treatment,  utilization,  specification,  and  marketing  of  the  nonmetallic 
minerals  employed  in  industry,  excluding  coal  and  oil.  Emi^iasis  is  placed 
on  technological  and  economic  aspects.  This  volume  is  essentially  a  comprehen¬ 
sive  up-to-date  reference,  valuable  to  those  interested  in  the  exploitation 
and  uses  of  the  nonmetallic  minerals.  Although  possessing  universal  appeal 
in  this  connection,  the  text  naturally  caters  specially  for  North  American 
consumption.  It  is  disappointing,  however,  that  this  predilection  should  be 
evident  also  in  the  choice  of  titles  for  the  unusually  extensive  bibliographies, 
which  are  an  important  feature  of  the  book. 

,  J.  S.  W. 
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